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ABSTRACT 
Research h a s  been conducted t o  determine t h e  f e a s i b i l i t y  o f  us ing  a 
ro l l i ng -d i sk  appara tus  t o  eva lua te  l u b r i c a n t s  f o r  high-speed, high-temperature 
a p p l i c a t i o n s  such as  t h e  SST. 
r a t u s  inc ludes  an X-ray technique f o r  measuring t h e  th i ckness  o f  t h e  l u b r i c a n t  
f i l m  between t h e  d i s k s  and a d i e l e c t r i c  breakdown scheme f o r  d e t e c t i n g  sur face-  
to -sur face  contact .  
metry which b e s t  s imula tes  t h e  con tac t  geometry o f  a 120 m b o r e a n g u l a r - c o n t a c t  
b a l l  bearing, From t h e  r e s u l t s  of  t h i s  study, i t  was determined t h a t  t h e  d i s k s  
should be 1.4 inches  i n  diameter  and have a crown r a d i u s  of  11 inches.  Both 
cylindrical-crowned d i s k s  and coned-crowned d i s k s  should be used, t h e  l a t t e r  
t o  s imulate  s l i d i n g  cond i t ions  due t o  b a l l  spin.  Cylindrical-crowned d i s k s  
of M-50 bear ing  s t e e l  have been f ab r i ca t ed .  
s t r a t e d  t h e  b a s i c  c a p a b i l i t y  o f  t h e  d i s k  machine t o  d u p l i c a t e  t h e  r equ i r ed  
ope ra t ing  condi t ions .  
d i s k  have ind ica t ed  t h a t  o n l y  a very t h i n  l u b r i c a n t  f i lm  i s  formed between 
bear ing elements a t  t empera tures  around 600 F, under moderate loads  and speeds,  
when t h e  f l u i d  des igna ted  XRM-177 i s  u t i l i z e d .  A t  a milder temperature ,  400 F, 
f i l m s  between 3 and 8 microinches a r e  formed. 
The ins t rumenta t ion  t o  be used wi th  t h e  appa- 
A d e t a i l e d  s tudy h a s  been conducted t o  d e f i n e  a d i s k  geo- 
Check-out experiments have demon- 
Pre l iminary  exp lo ra to ry  experiments wi th  t h e  s i m i l i t u d e  
i 
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EVALUATION OF LUBRICANTS FOR HIGH-SPEED 
HIGH-TEMPERATURE APPLICATIONS 
by 
J. W. Kannel, J. C. B e l l ,  R. R. R iope l le ,  and C. M. Al len  
INTRODUCTION 
Advanced a i r -b rea th ing  propuls ion  systems, such a s  the  engines  f o r  t h e  
supersonic  t r a n s p o r t ,  will o p e r a t e  a t  speeds,  power l e v e l s ,  and temperatures  which 
a r e  s i g n i f i c a n t l y  h ighe r  t han  i n  p re sen t  systems. The s e l e c t i o n  o f  a f l u i d  which 
w i l l  adequately l u b r i c a t e  t h e  mainshaft  engine bear ings  t o  o b t a i n  t h e  necessary  
t ime between overhauls  w i l l  r e q u i r e  c a r e f u l  a n a l y s i s  and ex tens ive  eva lua t ion .  
The l u b r i c a t i o n  and f a i l u r e  mechanisms i n  ro l l ing-e lement  bea r ings  a r e  
complex and not  f u l l y  understood. A s  a r e s u l t ,  t he  eva lua t ion  o f  bear ing  des igns  
and l u b r i c a n t s  r e q u i r e s  t h a t  a s t a t i s t i c a l l y  s i g n i f i c a n t  number o f  bear ings  must 
be run  t o  f a i l u r e  i n  candida te  f l u i d s  under t h e  p ro jec t ed  cond i t ions  o f  ope ra t ion  
and environment. 
d i d a t e  supersonic- t ranspor t  bear ings  and l u b r i c a n t s .  I n  gene ra l ,  f u l l - s c a l e  
bear ing f a t i g u e  s t u d i e s  involve  t h e  expendi ture  of  cons iderable  t ime,  e f f o r t ,  
and money t o  o b t a i n  meaningful r e s u l t s  because o f  t h e  degree o f  s c a t t e r  t y p i c a l l y  
found i n  bear ing f a t i g u e  da ta .  I n  a d d i t i o n ,  t h e  d a t a  obta ined  do no t  r e a d i l y  lend 
themselves t o  e x t r a p o l a t i o n  t o  f l u i d s  o r  ope ra t ing  cond i t ions  o t h e r  than  those  
used i n  t h e  tests. This  l i m i t a t i o n  a r i s e s ,  a t  l e a s t  p a r t i a l l y ,  from t h e  f a c t  
t h a t  t h e  f u l l - s c a l e  bear ing approach i s  i n h e r e n t l y  unable t o  y i e l d  much funda- 
mental in format ion  regarding t h e  process  o f  l u b r i c a t i o n  i n  r o l l i n g  contac ts .  
NASA has  r e c e n t l y  supported such an eva lua t ion  s tudy  f o r  can- 
I n  t h e  p a s t  few yea r s ,  s i g n i f i c a n t  progress  has  been made i n  eva lua t ing  
and understanding t h e  elastohydrodynamic-lubrication phenomenon i n  rol l ing-element  
2 
mechanisms. 
a c t u a l  l u b r i c a n t  f i lm- th ickness  p r o f i l e s  (and consequently,  su r f ace  deformation 
A t  B a t t e l l e ,  experimental  t echniques  have been developed t o  measure 
p r o f i l e s )  and su r face  p re s su res  and temperatures  i n  the  con tac t  reg ion  between 
r o l l i n g / s l i d i n g  d isks  which s imulate  the  con tac t  o f  b a l l  bearings*. E l e c t r i c a l  
c o n t i n u i t y  measurements have a l s o b e e n  devised which indiaate t h e  exter, t  o f  f u l l -  
f l u i d - f i l m  l u b r i c a t i o n  between t h e  d i sks .  These techniques,  t oge the r  with assoc i -  
a t e d  t h e o r e t i c a l  ana lyses ,  have r e s u l t e d  i n  an improved understanding o f  t h e  
elastohydrodynamic l u b r i c a t i o n  process  i n  r o l l i n g  contac ts .  
The purpose o f  t h e  p re sen t  r e sea rch  program i s  t o  apply these  exper i -  
mental techniques,  t oge the r  with t h e  improved understanding of  elastohydrodynamic 
l u b r i c a t i o n ,  t o  t h e  l u b r i c a t i o n  of  mainsha?? eng i r e  bear ings  fQr t h e  supersnn; c 
t r anspor t .  The s t u d i e s  a r e  t o  be conducted with a ro l l i ng -d i sk  machine us ing  d i s k s  
t h a t  a c c u r a t e l y  s imulate  the  dynamic s i t u a t i o n  o f  a ba l l - r ace  con tac t  i n  a bear ing.  
The ex ten t  o f  elastohydrodynamic l u b r i c a t i o n  w i l l  be determined over  t h e  range of 
a n t i c i p a t e d  ope ra t ing  condi t ions ,  f o r  d i s k s  s imula t ing  t h e  con tac t  of  mainshaft  
bear ings.  These da t a  w i l l  be c o r r e l a t e d  with d a t a  from f u l l - s c a l e  bear ing s t u d i e s  
being conducted elsewhere t o  y i e l d  t h e  r e l a t i o n  between e x t e n t  of elastohydrodynamic 
l u b r i c a t i o n  and f a i l u r e .  These s t u d i e s  should make it poss ib le  t o  s e l e c t  t h e  b e s t  
combination of l u b r i c a n t  and bear ing m a t e r i a l  f o r  a much wider s e t  o f  ope ra t ing  
parameters  than would be p o s s i b l e  us ing  f u l l - s c a l e  bear ing  t e s t s  alone. 
The s p e c i f i c  object ive-  o f  Task I1 of t h e  s tudy  has  been t o  f i n d  d i s k  
geometry, t o  g e t  accu ra t e  s imula t ion  o f  candida te  supersonic  t r a n s p o r t  bea r ings ,  and 
t o  conduct check-out and exp lo ra to ry  f i lm- th ickness  experiments with t h e s e  d i sks .  
-- - 
* The research  leading  t o  these  techniques  was sponsored by t h e  USAF through t h e  
F o r  Research and Technology Divis ion ,  Wright-Patterson A i r  Force Base, Ohio. 
example, s e e  R.eferences 1 and 2. 
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DESIGN OF DISKS TO BE USED I N  LUBRICATION STUDY 
The Ba l l  Bearing t o  be Simulated 
The b a l l  bear ing  being eva lua ted  by t h e  NASA Lewis  Research Center  i n  
rol l ing-element  f a t i g u e  has  a 120 mm bore and con ta ins  f i f t e e n  13/16-inch-diameter 
b a l l s  moving i n  a pa th  having a p i t c h  diameter  o f  6.1023 i n .  
between the  b a l l s  and races i s  such t h a t  t h e  undeformed t r a n s v e r s e  r a d i u s  i s  0.52 
The conformity 
times t h e  b a l l  d iameter  f o r  t h e  o u t e r  race and 0.54 f o r  t h e  i n n e r  race .  The 
i n i t i a l  c o n t a c t  angle  i s  20 degrees ,  t h a t  i s ,  i f  t h e  load i s  very  l i g h t  t h e  l i n e  
from t h e  c e n t e r  o f  t h e  b a l l  t o  t h e  c e n t e r  of  e i t h e r  con tac t  a r ea  i s  t i l t e d  
20 degrees  wi th  r e s p e c t  t o  t h e  l i n e  from t h e  bear ing  c e n t e r  t o  t h e  b a l l  cen te r .  
Both t h e  ba l l s  and r a c e s  are  made of  s t e e l  having Young's modulus 29 x lo6 lb/in.  
and Po i s son ' s  r a t i o  0.25. 
2 
Two ope ra t ing  cond i t ions  w i l l  be considered i n  the  s imula t ion  s tudy,  one 
having a t h r u s t  load  of  3290 poundswith t h e  o u t e r  r ace  tu rn ing  a t  12,500 rpm, t h e  
o t h e r  having a t h r u s t  load  o f  5,800 pounds with t h e  i n n e r  r ace  tu rn ing  a t  
12,500 rpm*. Cen t r i fuga l  force ,  o f  course,  a l s o  adds t o  t h e  loads  and makes t h e  
ope ra t ing  con tac t  angles  d i f f e r e n t  on t h e  two  races. The genera l  s i t u a t i o n  of  
one b a l l  between t h e  two r a c e s  i s  then  a s  shown i n  F igure  1, which a l s o  
i l l u s t r a t e s  some n o t a t i o n  t o  be used. 
The con tac t  f o r c e s  (Wi and W,), con tac t  ang le s  (Bi  and 8 ),  semiaxes 
of  bo th  Her tz ian  (d ry )  c o n t a c t  a r e a s ,  and va r ious  angular  speeds f o r  each b a l l  
have been computed f o r  bo th  sets o f  ope ra t ing  cond i t ions  by t h e  General E l e c t r i c  
Company ( 394) using t h e  Rol l ing  Element Computer Analysis  Program (RECAP) , 
0 
* The speed o f  12,500 s p i n  was a t a r g e t  condi t ion  used i n  References 3 and 4, 
though l a t e r  bear ing  tes t s  used speeds o n l y  up t o  12,000 rpm. 
mediate load a l s o  was used i n  p l ace  o f  t h e  l i g h t e r  load presumpd yere (y i e ld ing  
maximum Her tz  p re s su re  o f  295,000 p s i  i n s t e a d  o f  269,000 p s i ) .  











FIGURE 1 . GEOMETRY OF THE BALL-RACE CONTACT 
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cons t ruc ted  by A. B. Jones.  
r ace ,  so t h a t  t h e  b a l l s  sp in  with r e s p e c t  t o  the  i n n e r  r ace  but  not  t h e  ou te r .  
Bal l  con t ro l  i n  each case  i s  maintained by the  o u t e r  
Since t h e  experiments now being planned a r e  t o  cons ider  t he  e f f e c t s  o f  b a l l  sp in  
on l u b r i c a t i o n ,  i t  i s  t h e  con tac t  between the  b a l l  and t h e  inne r  r ace  which 
should be simulated.  Therefore ,  s eve ra l  parameters  have been c o l l e c t e d  i n  
Table 1 desc r ib ing  t h e  con tac t  between t h e  b a l l  (Body No. 1) and t h e  i n n e r  r ace  
(Body No. 2 ) .  These parameters  were der ived  a s  ind ica t ed  i n  t h e  t a b l e ,  from e i t h e r  
t h e  bear ing s p e c i f i c a t i o n s ,  o r  from t h e  theory  o f  Her t z i an  ( d r y )  con tac t  ( 6 )  , o r  
from t h e  RECAP c a l c u l a t i o n s  t ak ing  B a l l  No. 1 as being r ep resen ta t ive .  
t a b l e ,  R1 and R; a r e  t h e  p r i n c i p l e  r a d i i  of t h e  undeformed b a l l  a t  c o n t s c t ,  
R 
Young's moduli, vl  and v2 a r e  Poisson r a t i o s ,  xh and y 
con tac t  i n  t h e  r o l l i n g  and a x i a l  d i r e c t i o n s ,  ph i s  maximum Her tz  p re s su re ,  and 
w1 and u) I t  
i s  i n t e r e s t i n g  t o  note  t h a t  t h e  q u a n t i t i e s  xh, yh, and ph computed f o r  t h i s  
t a b l e  ( p a r t l y  independent ly  from t h e  RECAP) agree with those  obtained from t h e  
RECAP c a l c u l a t i o n s  t o  wi th in  small  d i f f e r e n c e s  i n  t h e i r  f i f t h  d i g i t s .  
In t h i s  
and R; a r e  those  o f  t h e  i n n e r  r ace ,  R i s  p i t c h  r a d i u s ,  El and E 
h 
a r e  
2 P 2 
a r e  semiaxes o f  Hertz  
a r e  angular  v e l o c i t i e s  o f  t h e  su r faces  pass ing  t h e  con tac t  area. 2 
The bear ing parameters  of  i n t e r e s t  i n  t h e  experimental  s imula t ion  pro- 
c e s s  a r e  R ,  R' ,  w ,  E' ,  and t h e  r o l l i n g  v e l o c i t i e s  u1 and u2 o f  t h e  two sur faces .  
In  view o f  t h e  b a l l  sp in  and t h e  Heathcote s l i p ,  t h e s e  two v e l o c i t i e s  vary  wi th  
t h e  l a t e r a l  d i s t a n c e  y from t h e  c e n t e r  o f  t h e  con tac t  a rea .  In  view o f  Figure 1, 
Evaluat ing t h e  v a r i a t i o n s  o f  r ( y )  and r ( y )  geometr ica l ly ,  t ak ing  t h e  curva ture  
of  t h e  i n t e r f a c e  t o  be t h e  average o f  t he  underformed cu rva tu res  of  t h e  su r faces ,  
1 2 
one f i n d s  
6 
TABLE 1. GEOMETRICAL AND PHYSICAL PARAMETERS 0% THE BALL-RACE CONTACT 
_I_- --- -- - 
Source Pa rane t er Case 1 Values (a )  Case 2 Values (b)  
P i ,  de9 
Bo# de9 
R1 or R i s  inch 
R2, inch 
R;, inch 
R ,  inch 
R ' ,  inch 
n 
W, l b  
E ' ,  lb/inch 2 
vi/< E' R*) 
26.855 
18.407 
0 . 40625 
3.01375 








6 48.590 x 10 




















841.04 l b  
6 48.590 x 10 













- R1 R2 = R sec Bi P 
design 
1 1 R' = l / ( i ~ ; +  -) 
I Ri 
r a t i o  
Eq. (52) of Ref. 6 ( e >  
Eq. (54) of Ref. 6 (4 
m =  kn 
RECAP(e) inner  race load 
2 2 
l'Vl l -v2 
nE1 nE2 
E' = l/(-+ -) 
r a t  i o  
3n W R' ]1/3 
A =  c- 
2E'R2(R+ R ' )  
product 
y h =  nRA 
p r  odu c t 
RECAP r o t a t i o n a l  ve loc i ty  
RECAP o r b i t a l  ve loc i ty  
(a) Case 1 has a t h r u s t  load o f  3290 l b  and t h e  ou te r  race ro t a t ing  a t  12500 rpm. 
(b)  Case 2 has a t h r u s t  load o f  5800 l b  and the  inner  race ro t a t ing  a t  12500 rpm. 
( c )  The equation i s  (1/k2)E(k')-K(kt),  - -  R '  
- R '  
e l l i p t i c  i n t e g r a l s  and k t 2 =  1 - k 2  
where K(k') and E(k')  a r e  Complete 
K( k '  )-E( k '  ) 
(d) The equation implies  t h a t  
. 11 - 
3rr x Y p = TT W x y , and RECAP computes x h ,  yh, and k ( t h e  mean com- 
h h pressive s t r e s s ) .  
(@) '=  - h h h 
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I f  we denote  R; = -(l+c) Ri, s o  t h a t  (1+~)/2 i s  t h e  us.ual measme of conformity 
between t h e  b a l l  and r a c e ,  and not9 t h a t  R' = R1, then  -? - -- - --- 
1 R, R1, R, (1-k) 
1 1 - 2+G 
Note a l s o  t h e  R2= R 
parameters  s h w n  i n  Table 1, it fol lows t h a t  
se:: B i  - R1 t o  w i t h i n  t h e  necessary  accuracy-  Using t h e  
P 
2 u,(Y) = 1973.2 - 721-4 - 5756.5 y 1 
2 u ( ) = 1960.3 i- 329.4 y + 7'70.9 y , 2 y  
f o r  y i n  inches and u i n  indsec ,  and fox Case 2 t h a t  
2 u1 ( Y  1 = 1975.5 - 600.7 y - 5763.4 y 
2 
The range of v a r i a t i o n  of t h e s e  v e l o c i t i e s  i s  shown i n  Table 2. 
and u2 
l iuhricat ion and hoa t  genera t ion ,  respPct ive ly .  
u,(y) = 1963.2 f 336.8 y + 767.0 y , 
2 
Values :3f u l + u  
axe included s i n c e  t h e s e  a r e  important  q u a n t i t i e s  i n  isothermal  - u1 
The o t h e r  parameters  t h a t  m u s t  be 
taken  i n t o  account  i n  t h e  s imula t ion  process  a r e  those  of  t h e  l u b r i c a n t  v i scos i ty .  
For isothormal  l u b r i c a n t ,  t h e  v i s c o s i t y  can be taken t o  be 
YP p = 1.1, e 
0 
where p i s  t h e  l o c a l  p re s su re  i n  t h e  l u j r i c a n t ,  s o  t h a t  t h e  base v i s c o s i t y  u 
t h e  p re s su re  v i s c o s i t y  coeEf i c i en t  y must be considered too. 
and 
o 
- Geornetry of t h e  Rol l inq  Disks 
For  experimental  purposesy t h e  con tac t  Se'cwsen t he  r o l l i n g  b a l l  and r a se  
i s  t o  be represented by a con tac t  between tsvo d i s k s  r o l l i n g  toge the r  on t h e i r  
l a t e r a l  surfaces. 
d i s k s  :nay be allowed t o  have l a t e r a l  s u r f a c e s  t h a t  a r e  e i t h e r  convexly o r  
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concavely t o r o i d a l ,  and t h e  axes of  r o t a t i o n  o f  t h e  d i s k s  may be t i l t e d  with 
r e spec t  t o  each o the r .  The genera l  conf igura t ion  of  such a system i s  shown i n  
Figure 2 , which a l s o  i l l u s t r a t e s  some o f  t h e  no ta t ion  t o  be used. I t  should be 
noted t h a t  t h e  no ta t ion  here  inc ludes  a bar  over  each l e t t e r ,  t h e  ba r  i n d i c a t i n g  
t h a t  t h i s  symbol r e f e r s  t o  a parameter o f  the  experimental  model. 
t h e  prototype bear ing a r e  unbar red , )  I n  drawing t h e  r o l l i n g  d i s k s ,  t he  a x i s  o f  
t he  upper d i s k  ( r ep resen t ing  t h e  i n n e r  r ace )  has  been t i l t e d  in s t ead  o f  t h a t  o f  
t h e  lower d i s k  ( r ep resen t ing  t h e  b a l l )  
e a s i l y  skewed i n  t h e  a c t u a l  d i s k  machine, so i n  e f f e c t  Figure 2 i s  t i l t e d  counter- 
clockwise from Figure  1 
(Parameters  f o r  
s ince  t h e  a x i s  of  t h e  upper d i s k  i s  more 
by an angle  @,. 
Considering t h a t  t h e  deformed r a d i u s  of  l a t e r a l  curva ture  of  t h e  contac t  
- 1 
2 a rea  i s  - (Ei - R;), t h e  r a d i i  of r o t a t i o n  of p o i n t s  on t h e  r o l l i n g  su r faces  a t  




t h e  p r i n c i p a l  r a d i i  o f  t h e  undeformed su r faces  t h e r e  a r e  denoted a s  El and E, i n  
and r2c rep resen t  t h e  d i s k  r a d i i  measured t o  the  c e n t e r s  of  con tac t ,  but  
I C  
t h e  r o l l i n g  d i r e c t i o n  and gi and E' i n  t h e  l a t e r a l  d i r e c t i o n .  
t h a t  t h e  tilt angle  at corresponds t o  t h e  contac t  angle  po i n  t h e  b a l l  bear ing ,  and 
3,  ( t h e  cone angle)  corresponds t o  pi-@ though f o r  t h e  sake o f  g e n e r a l i t y , t h e s e  
p a i r s  o f  corresponding angles  w i l l  not  be assumed equal  u n t i l  t h a t  becomes neces- 
I t  may be observed 2 
- 
0' 
sary.  From geometr ical  cons ide ra t ions ,  
- - - - - - 
r = R cos p , and r = R2 cos . 
I C  L C 2c 
Le t t ing  W1 and W !,r: Lhe angular  v e l o c i t i e s  o f  t he  d i s k s ,  t h e i r  sur face  v e l o c i t i e s  3 
10 
Disk No. I 
(.-bail) 
FIGURE 2. GEOMETRY OF CONTACT OF TWO ROLLING DISKS 
11 
a t  l a t e r a l  d i s t a n c e  5; from t h e  c e n t e r  of  contac t  become 
These v e l o c i t i e s ,  t oge the r  with t h e  design r a d i i  o f  t h e  d i s k s  and t h e  load and 
t h e  reduced e l a s t i c  modulus E', d e f i n e  t h e  geometr ical  and mechanical a s p e c t s  o f  
t h e  d i s k  con tac t  r e l evan t  t o  t h e  s imulat ion of  ba l l - r ace  contac t .  
The dimensions of  d ry  contac t  between t h e  d i s k s  may be found by t h e  
procedure o u t l i n e d  i n  Table 1. I n  p a r t i c u l a r ,  l e t  
- 1 1 
R = l/(r+ -) 
1 R2 
and l e t  be the  s o l u t i o n  of  
- 
R '  (lfi2) E(E ' )  - K(E' )  - 
9 -  K(E') - E(E ' )  R 
where K ( E ' )  and E ( E ' )  a r e  complete e l l i p t i c  i n t eg ra , s  of t h e  
2 k inds  and E' = 1 - E2. Also l e t  
i r s t  anL seconc 
Then t h e  semiaxes xh and yh of  d r y  con tac t  and i t s  maximum pressure  ph a r e  
Se lec t ion  of  Condi t ions f o r  Experimental S imi l i t ude  
The requirements f o r  s i m i l i t u d e  i n  l u b r i c a t i o n  processes  between the  
b a l l - r a c e  system and t h e  r o l l i n g - d i s k  system a r e  d iscussed  i n  Appendix A. 
desc r ib ing  t h e  r e s u l t s  found t h e r e ,  one may l e t  h r ep resen t  t he  r a t i o  of t h e  
r e l a t i v e  r a d i u s  E o f  curva ture  i n  t h e  r o l l i n g  d i r e c t i o n  i n  t h e  r o l l i n g - d i s k  system 
In  
and t h e  corresponding r a d i u s  R i n  t h e  b a l l - r a c e  system, t h a t  i s  
- 
A = R/R . 
Then f o r  s i m i l a r i t y  i n  cases  where the  l u b r i c a n t  can be t r e a t e d  a s  being i s o -  
thermal ,  it i s  requi red  t h a t  t h e  r a d i i  o f  curva ture  i n  t h e  t r ansve r se  d i r e c t i o n  
( R '  and E'), t h e  t o t a l  loads  ( W  and w) and t h e  su r face  v e l o c i t i e s  [u , (y) ,  u,(y), 
and 6, (y ) ,  6,(7)] a t  l a t e r a l  d i s t a n c e  y o r  7 (which corresponds t o  hy) from t h e  
contac t  should share  t h e  r e l a t i o n s h i p s  
- 
R '  = h R '  Y 
- w = A %  , 
I 
cen te r  o f  
( I t  i s  assumed here  t h a t  t h e  same l u b r i c a n t  and bear ing m a t e r i a l s  a r e  used i n  
both systems--if  t he  m a t e r i a l s  were changed t h e s e  r e l a t i o n s h i p s  would change.) 
I f  l o c a l  temperature v a r i a t i o n s  i n  t h e  l u b r i c a n t  a f f e c t  t he  l u b r i c a t i o n  processes  
s i g n i f i c a n t l y  then it i s  necessary  t o  add the  r e s t r i c t i o n  
G2(hY) - Ul(hY) = h CU,(Y) - U , ( Y ) l  Y 
and, i n  f a c t ,  t o  r e q u i r e  t h a t  h = 1. 
f o r  t h e  thermal case ,  so t h a t  i t s  r o l e  may be i d e n t i f i e d  i n  case it i s  not  poss i -  
b l e  t o  s a t i s f y  completely t h e  requirement t h a t  h = 1.) 
s imi l i t ude  can prove t o  be q u i t e  s t r i n g e n t ,  so we w i l l  cons ider  how they  may be 
met a t  va r ious  l e v e l s  o f  exac t i t ude .  I n  a l l  t h e s e  cases  we w i l l  inc lude  a t  l e a s t  
some cons idera t ion  of t h e  thermal e f f e c t s ,  s ince  t h e  d i s t i n c t i v e  f e a t u r e  o f  t he  
(The parameter 1 w i l l  s t i l l  be shown even 
These requirements  f o r  
13 
presen t  r e sea rch  i s  t h a t  it inc ludes  the  e f f e c t  o f  v a r i a b l e  s l i p  between t h e  
su r faces ,  and t h i s  s l i p  i s  important on ly  i f  thermal e f f e c t s  a r e  s i g n i f i c a n t .  
I d e a l  Simulat ion 
Suppose an e f f o r t  i s  t o  be made t o  s a t i s f y  a l l  t h e  requirements  f o r  
l u b r i c a t i o n  s i m i l i t u d e  t h a t  have j u s t  been s t a t e d .  These imply 
- - 
R = XR, R'  = X R ' ,  
The requirement on load W s t ands  somewhat a p a r t  from the  o t h e r s ,  so long a s  t h e  
d i s k  machine i s  simply s t rong  enough t o  accept  any d e s i r e d  load,  and t h e  condi- 
t i o n  t h a t  A = 1 should perhaps be de fe r r ed  during e a r l y  cons ide ra t ion ,  but  t he  
remaining four  requirements  i n t e r t w i n e  i n  t h e i r  demands on t h e  experimental  
design,  so t h e i r  imp l i ca t ions  need examination. Considering t h e  d e f i n i t i o n s  o f  
t h e  r e l a t i v e  r a d i i  of curva ture  and t h e  quadra t i c  func t ions  of y t h a t  were found 
f o r  t h e  sur face  v e l o c i t i e s ,  t h e s e  four  requirements  demand t h a t  
- 
w1 El COS e, = A w1 R1 cos  (pi-po) 9 
w1 s i n  p c  = w1 s i n  (pi-po)  , 
I 
- -  
w2 R2 cos  (Et + e,) = A w2 R2 cos  p i  
w 2  s i n  (Et + e,) = w2 s i n  p i 




This  i s  a system of  e i g h t  equat ions  determining e i g h t  parameters of  t h e  r o l l i n g -  
- - - - - - -  - 
d i s k  system, namely R R2, R i ,  R;, w l ,  w2, $,, and pC. Happily,  t h e  system can 
be solved a n a l y t i c a l l y .  Combining t h e  t h i r d ,  f i f t h ,  s i x t h ,  and e i g h t h  equat ions  
proper ly  shows t h a t  
1 
= R2/R1. I t  fol lows r e a d i l y  then  t h a t  El = AR1 and 
L L 
and seventh imply t h a t  
- 
R, = hR,. Then t h e  t h i r d  and f o u r t h  equat ions  imply t h a t  w1 = wl, and t h e  s i x t h  
- - w 2  - w2. Then e i t h e r  t h e  t h i r d  and f i f t h  o r  s i x t h  and 
e igh th  equat ions  imply 
- 
and combining t h i s  with t h e  second equat ion shows Ei = hRi and R; = XR’ .  
then ,  t h e  t h i r d  and f o u r t h  o r  s i x t h  and seventh equat ions  imply 
F i n a l l y  
= B i  - Bo a nd 
What has  been shown then  i s  t h a t  t h e  on ly  s e l e c t i o n  o f  parameters  
permiss ib le  f o r  t h e  r o l l i n g - d i s k  system t o  r ep resen t  a given b a l l - r a c e  configura-  
t i o n  i s  a s  follows: 
Of course,  it i s  a l s o  necessary t h a t  = 1 2, #, and when one imposes t h e  f u r t h e r  
condi t ion  t h a t  h = 1, i t  can be seen t h a t  t he  on ly  permiss ib le  combination of 
parameters  i n  t h e  r o l l i n g - d i s k  system d u p l i c a t e s  those  of  t h e  ba l l - r ace  system. 
I f  t he re  i s  any d i f f i c u l t y  a s soc ia t ed  wi th  us ing  those  ba l l - r ace  parameters  (and 
t h e r e  u s u a l l y  is : )  then  t h a t  d i f f i c u l t y  i s  imposed on t h e  r o l l i n g - d i s k  experiment 
i f  t h i s  i d e a l  l e v e l  of  s imula t ion  i s  t o  be achieved. 
19 
A Form of  Close Simulat ion 
A parameter o f  t h e  ball-.race system which would be p a r t i c u l a r l y  d i f f i -  
c u l t  t o  match i n  t h e  r o l l i n g - d i s k  machine i s  t h e  angular  v e l o c i t y  of  t h e  b a l l .  
I n  t h e  bear ing t o  be simulated t h a t  v e l o c i t y  i s  nea r ly  47,000 rpm. 
reduce t h i s  v e l o c i t y  t o  a more reasonable  l e v e l ,  some aspec t  of  t h e  s imulat ion 
process  must be compromised. The compromise t o  be chosen i s  somewhat a r b i t r a r y ,  
I n  o r d e r  t o  
but  it seems reasonable  t o  approach t h e  
a s  harmless a s  poss ib le .  To accomplish 
u1 + u v a r i e s  by on ly  a few percent  i n  2 
choice by seeking t o  make t h e  compromise 
t h i s ,  we may observe in 'Tab le  2 t h a t  
e i t h e r  case considered there .  Since 
changes of t h i s  magnitude should not a f f e c t  e i t h e r  t h e  l u b r i c a n t  f i lm  th i ckness  
o r  t h e  pressure  s i g n i f i c a n t l y  i n  comparison t o  t h e  expected 
accuracy of measurement o f  them, it seems reasonable  t o  neg lec t  cons idera t ion  o f  
t h e  c o e f f i c i e n t s  y and y2 i n  u + u2 while choosing t h e  d i s k  parameters. The 1 
cons tan t  term of  u l +  u2 can s t i l l  be r e t a ined  i n  t h e  s imula t ion ,  t oge the r  with 
a l l  t h r e e  c o e f f i c i e n t s  o f  u2 - ul. When t h i s  i s  done, System I i s  replaced by 
- - - -  
This  i s  a system of s i x  equat ions  f o r  t h e  e i g h t  unknown parameters R19 R2, R;, R;, 
wl, w2'  p t ,  and B,, so two of t h e s e  parameters may be assigned a r b i t r a r i l y .  
obvious choice t o  make i s  w2 = wl, so t h a t  t h e  burden of  achieving the  high 




requi red  angular  v e l o c i t i e s  can be shared equa l ly  by t h e  two d isks .  
n ice  t o  take  a l s o  "; = R i ,  so t h a t  t h e  d i s k s  could be crowned equa l ly ,  bu t  t h i s  
choice would v i o l a t e  t h e  l a s t  equat ion  of System 11. 
I t  would be 
- 
Thus, we choose in s t ead  t o  
- 
ass ign  p t  = 0, so t h a t  t h e  axes of  t h e  d i s k s  can be kept  p a r a l l e l .  
assumptions t h a t  
Under t h e  
t h e  System I1 can be solved by a process  much l i k e  t h a t  appl ied  t o  System I. I f  
we use t h e  no ta t ion  
1 1 1  W 
ul0= R ~ w ~ c o s ( ~ ~ - ~ ~ )  , ul l=  -wlsin(pi-po) , u12= - - (1; - 7 ) c o s ( p i - $ o )  9 
R1 R2 
1 u = R w cos  p i ,  u21 = w s i n  p i ,  u22= 2 (t - R;) cos pi , 20 2 2 2 
t hese  being simply t h e  t h r e e  c o e f f i c i e n t s  of  u,(y) and of  u2(y) r e s p e c t i v e l y ,  then  
t h e  s o l u t i o n  of  System I1 can be w r i t t e n  a s  
- R ( u21 -ul 1 ) ( u10+u20 1 
t a n  p c  = , ( a n d B t  = 0 )  . 
?OU20 
To r e so lve  any doubt about whether t h e  a r b i t r a r y  assignment of t h e  
c -2 parameters W2 and p t  c r e a t e s  unacceptable  changes i n  t h e  7 and y 
it may be observed r e a d i l y  from t h e  equat ions  f o r  Gl(y) and u2(y) t h a t  t ak ing  
w2 = w1 and Ft = 0 simply makes those  two terms o f  Gl(3) + G2(y) vanish,  and con- 
v e r s e l y  t h a t  making those  terms vanish impl ies  t h a t  G1 = w2 and 8, = 0. 




t hese  terms were supposed t o  be small compared t o  t h e  cons tan t  term, t h i s  approxi-  
mation should be q u i t e  acceptable .  
For t h e  two cases  of  b a l l - r a c e  con tac t  descr ibed  by Tables  1 and 2, t he  
d i s k  parameters needed f o r  t h i s  approximate s imulat ion a r e  a s  follows: 
Parameter 
R1, i n .  
- 
R2, i n .  
Ri, i n .  
- 


















O f  course,  f o r  complete thermal s i m i l i t u d e ,  one a l s o  should have 1 = 1. 
Poss ib l e  o b j e c t i o n s  t o  t h e s e  parameters f o r  experimental  use a r e  t h a t  
- 
R1 and R2 a r e  small  and t h a t  i s  negat ive  ( so  t h a t  one d i s k  has  an inve r t ed  
crown). The smallness  o f  El and E2, however, probably i s  b e n e f i c i a l  f o r  ou r  p re s -  
e n t  r o l l i n g - d i s k  equipment which i s  somewhat l imi t ed  i n  t h e  loads  it can t o l e r a t e .  
I n  o r d e r  t o  avoid t h e  negat ive E;;, some f u r t h e r  compromise o f  t h e  s i m i l a r i t y  must 
be made. 
A Convenient Form o f  Simulation 
I n  o r d e r  t o  avoid nega t ive  curva ture  on both d i s k s ,  some f u r t h e r  as-  
pec t  o f  s i m i l a r i t y  must be neglected.  The choice here  i s  not  so p a i n l e s s  a s  i n  
t h e  previous approximation, but  one more f a i r l y  reasonable  approximation i s  
ava i l ab le .  I t  i s  t o  d i s r ega rd  s i m i l a r i t y  a s  it a f f e c t s  t h e  cons tan t  and the  qua- 
d r a t i c  terms o f  u2-ul. 
su r f aces ,  and t h e  discrepancy between t h a t  s l i p  and t h e  s l i p  of t h e  two cases  of  
Keeping t h e  l i n e a r  term provides  v a r i a b l e  s l i p  between t h e  
18 
b a l l - r a c e  con tac t  under cons idera t ion  reaches o n l y  about 30 percent  o f  t h e  maximum 
c a l c u l a t e d  s l i p .  
s i m i l a r i t y ,  bu t  aga in  drop  t h e  l i n e a r  and quadra t i c  terms, t h e  Systems I and I1 
I f  we keep a l s o  t h e  cons tan t  term o f  u l +  u2 i n  a r ranging  
a r e  now rep laced  by t h e  fol lowing system: 
1 
9 
A+ * =  1 1  - +  - 
R1 R2 R1 R2 1 
} I11 
- 
w s i n  e + t i 2  sin(Bt+B,) = w1 sin(pi-p 0 ) + w2 s i n  p i  . 1 C 1 
- - - - -  
Now t h e r e  a r e  only  four  equat ions  r e l a t i n g  t h e  e i g h t  unknowns R1, R2, R i ,  R;, wl, 
- -  
w 2 9  P t 9  and pc, so four  of  those  unknowns may have va lues  assigned t o  them a r b i -  
t r a r i l y .  Two obvious choices  t o  make a r e  Z2 = G and p t  = 0, so t h e s e  w i l l  be 1 
taken. Another obvious choice,  which i s  now acceptab le  s ince  t h e  quadra t i c  terms 
- - 
of  both u l +  u2 and u2 - u a r e  being ignored,  i s  t h a t  R;= R i .  To t h i s  we add t h e  1 - 
choice t h a t  E, = R l ,  s i nce  t h i s  w i l l  make t h e  two d i s k s  geometr ica l ly  a l i k e ,  and 
t h a t  l i k e n e s s  w i l l  make t h e  l u b r i c a n t  f i lm  a s  f l a t  a s  poss ib l e  and f a c i l i t a t e  
poss ib l e  passage of X-rays f o r  f i lm- th ickness  measurements. With t h e s e  assigned 
values ,  t h e  s o l u t i o n  of  System I11 becomes 
- = rT 1 (ulo + U20)2+ ;I 1 (u21 - u 11 )2-/1/2 -I (= W*) 
-16R 
- 2R(u21-u11) 
t a n  8, = , (and Ft = 0) 
u10+u20 - - - -  - - - 
The e f f e c t  of t h e  assignments w 2  = wl, 8, = 0, Rl = R2, and Ri = R; on 
- u,(v) + u2(v) and c2(y) - ul(v)  i s  simply t o  make t h e  l i n e a r  and quadra t i c  terms 
o f  t h e  sum vanish ,  and t o  make t h e  cons tan t  and q u a d r a t i c  terms of  t h e  d i f f e r e n c e  
vanish,  
approximation i n  U2(7) - Ul(7) i s  somewhat poorer  t han  t h e  prev ious  approximation. 
These a r e  approximations which should be widely acceptab le ,  though t h i s  
19 
For t h i s  l a s t  approximate s imula t ion ,  t h e  parameters  needed f o r  t h e  d i s k s  
corresponding t o  t h e  b a l l  and r a c e  f o r  t h e  cases  descr ibed  by Tables  1 and 2 a r e  
a s  follows: 
Parameter 
W, l b  
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Complete thermal s i m i l i t u d e  aga in  demands t h a t  1 = 1. 
The Ef fec t  of  Fu r the r  Compromi se  of  Simi l a r i  t y  
The s e t  o f  parameters  suggested i n  t h e  l a s t  preceding l i s t  should pro- 
v ide  reasonably good s i m i l a r i t y  between r o l l i n g - d i s k  experiments and t h e  ba l l - r ace  
system, and they  should a l s o  be r e l a t i v e l y  usable  experimental ly .  Problems t h a t  
may y e t  occur  wi th  s imula t ions  o f  t h i s  s o r t  a r e  t h a t  t h e  d i s k s  may need t o  have 
s l i g h t l y  l a r g e r  r a d i i ,  and i t  may not  be poss ib l e  t o  d r i v e  t h e  d i s k s  e n t i r e l y  up 
t o  t h e  s p e c i f i e d  speeds. 
experimental  arrangements i f  t h i s  i s  f e a s i b l e ,  bu t  i f  t h i s  ref inement  cannot be 
These d i f f i c u l t i e s  w i l l  be overcome by r e f i n i n g  t h e  
made e n t i r e l y ,  we can s t i l l  e s t ima te  t h e  e f f e c t  o f  such d e f i c i e n c i e s  by reviewing 
t h e  s imula t ion  t h e o r y  which has  been provided. 
I f  it i s  necessary  t o  t ake  t h e  r e l a t i v e  r o l l i n g  r a d i u s  g r e a t e r  f o r  t h e  
d i s k s  than f o r  t h e  b a l l  bear ing,  t h a t  i s  > R o r  h > 1, then  both t h e  r o l l i n g  
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and crown r a d i i  o f  both d i s k s  should be increased  by t h e  same f a c t o r  A ,  and the  
appl ied  load should be increased  by t h e  f a c t o r  h . 
s ion  will be t o  inc rease  t h e  l o c a l  thermal d i s tu rbances ,  s ince  t h e  thermal conduc- 
t i v i t y  o f  t h e  l u b r i c a n t  and bear ing  m a t e r i a l  w i l l  no t  have been increased  by t h e  
f a c t o r  h2 a s  s i m i l a r i t y  p r i n c i p l e s  would requi re .  
magnitude of  t h e  temperature v a r i a t i o n s  would be roughly quadrupled, and e f f e c t s  
dependent on t h e  l u b r i c a n t  v i s c o s i t y  would be magnified accordingly,  One way t o  
gage such e f f e c t s  exper imenta l ly  would be t o  perform two experiments us ing  d i f -  
f e r e n t  va lues  o f  A ,  b u t  t h i s  i s  perhaps too expensive a technique t o  use f o r  
t h e  present .  I t  seems b e t t e r  j u s t  t o  make 
e s t ima te  t h e  thermal e f f e c t s  a s  h a s  been ind ica ted .  
2 The e f f e c t  o f  such an expan- 
Thus, i f  one took 1 = 2, t h e  
a s  c lose  t o  u n i t y  as p o s s i b l e ,  and t o  
I f  it proves impossible  t o  run t h e  experiments a t  t h e  d e s i r e d  r a t e s  of 
r evo lu t ion ,  t hen  a sequence of  experiments can be run  a t  severa l  d i f f e r e n t  lower 
r a t e s ,  and an e s t ima te  o f  va lues  t o  be expected a t  t h e  f u l l  r a t e  can be made by 
ex t r apo la t ion .  Of course,  it w i l l  be d e s i r a b l e  t o  make t h e  e x t r a p o l a t i o n  a s  s h o r t  
a s  poss ib l e ,  t h a t  i s  t o  have one experiment approach t h e  d e s i r e d  speed a s  c l o s e l y  
a s  poss ib le .  
o f  t he  motors, and v i b r a t i o n s  even tua l ly  might arise.  Our experiments t o  d a t e  
have u s e d f a i r l y  Light s l i p  between t h e  d i s k s ,  and t h e  s l i p  processes  may prove 
q u i t e  power consuming. 
p o s s i b l e ,  o f  course,  t o  reduce pc, t h e  angle  o f  i n c l i n a t i o n  o f  t h e  con tac t  a r ea ,  
bu t  t h i s  would r ep resen t  another  d e f i c i e n c y  o f  s imula t ion  wi th  e f f e c t s  t h a t  could 
be co r rec t ed  probably on ly  by e x t r a p o l a t i o n  o f  t h e  experimental  r e s u l t s .  
Problems with speed have been experienced through power l i m i t a t i o n s  
I f  d i f f i c u l t i e s  with power a r e  very  bad, it would be 
OBSERVATIONS TO BE MADE EXPERIMENTALLY 
Condit ions have been determined t o  make r o l l i n g - d i s k  experiments s imulate  
l u b r i c a t i o n  i n  t h e  b a l l  bear ing of i n t e r e s t  t o  t h e  NASA Lewis Research Center  
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t o  va r ious  degrees  of accuracy. 
a l s o  deserve Consideration. 
account f o r  both t h e s e  k inds  of  cons ide ra t ion+  
However, some o t h e r  ma t t e r s  r e l e v a n t  t o  experiments 
Thus t h o  experimental  progra:n t o  be chosen should 
The d i s t i n c t i v e  f e a t u r e s  of t h e  planned experiments are t h a t  t hey  art? 
t o  be c l o s e l y  r e l a t e d  t o  t h e  ope ra t ion  of a p a r t i c u l a r  bear ing,  and t h a t  they are 
t o  inc lude ,  i n  p a r t i c u l a r ,  some s imula t ion  of t h e  nonuniform s l i d i n g  between t h e  
bear ing  su r fazeso  The s imula t ion  of nonuni fom s l i d i n g  r e p r e s e n t s  a new experi-  
mental condi t ion ,  and a s  suzh should be t r e a t e d  so  t h a t  i t s  p r i n c i p a l  e f f e c t s  can 
be i d e n t i f i e d ,  thoug? it should no t  be necessary t o  s imula te  a l l  d e t a i l s  of t h e  
s l i d i n g  i n  t h e  e a r i y  s t a y c s  of  experimentation, 
be most i n f i u e n t i a l  by way of i t s  thermal e f f e c t s ,  it i s  very  d e s i r a b l e  t o  seek 
good s imula t ion  of t h e  t e m p r a t u r e  d i s t r i b u t i o n D  
expansion f a c t o r  h app l i ed  t o  t h e  r e l a t i v a  r o l l i n g  r a d i Q s  should be a s  nea r  t o  
u n i t y  a s  poss ib l eo  
S ince  t h s  s l i d i n g  is expected t o  
To achieve  t h i s ,  t h e  g5ornetric 
Thus it is intended t o  t aka  h = 1,. 
The hl3h r o l l i n g  speeds r equ i r ed  f o r  i d e a l  s imula t ion  of  t h e  b a l l  
bear ing  appear p r o h i b i t i v e ,  so one of t h e  approximate forms of s imula t ion  i s  nuch 
t o  be prefer red .  
be nade, it becomes q u i t e  d e s i r a b l e  f o r  both d i s k s  t o  have t'n2 sane r o l l i n g  r a d i i  
and t h e  same crown r a d i i .  
s imula t ion  of s l i d i n g  between t h e  su r faces ,  bu t  t h a t  l o s s  i s  not  l a r g e  enough t o  
deny t h e  v i r t u e  of choosing synmetric disks .  
descr ibed  above a s  "convenient" w i l l  be used+ 
s l i d i n g  t h a t  v a r i e s  l i n e a r l y  f rm s i d e  to s i d e  o f  the con tac t  a r ea  and vanishes  
a t  t h e  cen'f;er+ 
may be achieved by d r i v i n g  one d i sk  a l i t t l e  f a s t e r  and t h e  o t h e r  d i sk  t h e  same 
amount slower,  though such d i f f e r e n t i a l  d r i v i n g  worsens t h e  s imula t ion  of  t h e  
s l i p  s a t e  a t  the c e n t e r  of contact . )  The disks to be used t v X 1  havs diameters  
Beyond t h i s ,  s i n c e  X-ray neasurements o f  f i l m  t h i ckness  a r e  t o  
Tne choice of t h i s  symietry e n t a i l s  some l o s s  i n  the  
Therefore,  t h e  method of s imula t ion  
This method produces su r face  
(Close s imula t ion  of t h e  s l i d i n g  a t  both ends of t h e  d i s k s  s t i l l  
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o f  approximately 1.41 in .  (= 2 x 0.717 cos  9.68O) t o  t h e i r  c e n t e r s  o f  con tac t ,  
and t h e i r  crown r a d i i  w i l l  be about 11.0 i n .  
I t  i s  inconvenient  t o  r e q u i r e  many sets  of  d i s k s ,  e s p e c i a l l y  f o r  no 
g r e a t e r  persuas ion  than  t o  make t h e  cone angle  
changed. Therefore ,  t h e  same cone angle  w i l l  be used r e g a r d l e s s  o f  t h e  load ,  and 
t h a t  angle  w i l l  be taken  t o  be about 10 degrees.  
s l i d i n g  s l i g h t l y  l e s s  o r  more than  t h e  des i r ed  va lue  according as t h e  maximum 
Hertz  p re s su re  i s  l e s s  o r  more than  about 310,000 p s i .  However, while  no v a r i a t i o n  
of  
very  d e s i r a b l e  t o  gage t h e  a c t u a l  i n f luence  o f  s l i d i n g  on t h e  l u b r i c a t i o n  pro- 
cesses .  
using d i s k s  without  coned su r faces ,  t h a t  i s  with = 0. 
vary  s l i g h t l y  a s  t h e  load i s  
C 
Th i s  w i l l  tend t o  make t h e  
according t o  load  i s  planned, i t  i s  be l ieved  t h a t  c o n t r o l  experiments a r e  
Therefore ,  i t  i s  planned t o  perform a complementary set  o f  experiments 
The r o l l i n g  speed o f  t h e  su r face  o f  a d i s k  with d isk- rad ius  1.41 in .  
r o t a t i n g  a t  26721 rpm i s  1976 in./sec o r  9882 ft.min. 
r equ i r ed  f o r  s imula t ion  of  Case I1 ope ra t ion  o f  t h e  pro to type  b a l l  bear ing 
according t o  t h e  "convenient" s imula t ion  procedure. Of course,  experiments should 
be performed a t  varying speeds,  so it i s  suggested he re  t h a t  a good s e t  o f  exper i -  
mental r o l l i n g  v e l o c i t i e s  would be 2,000, 4,000, 6,000, 8,000, and 10,000 ft/min 
f o r  each d isk .  
h ighes t  v e l o c i t y ,  then  experiments should be performed a t  v e l o c i t i e s  a s  high as  
poss ib le .  
This  speed i s  'ihe one 
I f  v i b r a t i o n s  o r  power l i m i t a t i o n s  preclude achievement o f  t h e  
The maximum Her tz  p re s su res  i n  Cases I and I1 a s  s t a t e d  f o r  t h e  b a l l  
bear ing a r e  approximately 269,000 and 322,000 p s i .  
i n  what may happen i f  t h i s  p re s su re  goes a s  h igh  a s  400,000 p s i .  
f r equen t ly  used l e v e l  i n  t h e  e a r l i e r  B a t t e l l e  s t u d i e s  was 100,000 p s i .  
seems t h a t  a reasonable  s e t  o f  maximum Hertz  p re s su res  t o  be used i n  s e l e c t i n g  
There i s  a l s o  some i n t e r e s t  
O f  course,  a 
Thus i t  
23 
experimental  cond i t ions  f o r  t h e  p re sen t  program i s  100,000, 175,000, 250,000, 
325,000, and 400,000 p s i .  
s i n c e  maximum Hertz p res su re  v a r i e s  as  t h e  cube r o o t  o f  t h e  load,  and t h e  
p re s su re  322,000 p s i  i s  produced by a normal load  o f  841 l b  on the  d i sks  t h a t  a r e  
he re  proposed. 
load o f  841 cos  loo = 828 l b  and a t h r u s t  load  of  841 s i n  loo = 146 l b . )  
Loads which should produce t h e s e  are e a s i l y  computed, 
(Note t h a t  g e t t i n g  an 841-lb normal load r e q u i r e s  a d iamet ra l  
The f i l m  th i cknesses  a r e  being measured by counting X-rays t r ansmi t t ed  
The X-rays a r e  p ro jec t ed  i n  t h e  through t h e  l u b r i c a n t  f i l m  i n  t h e  con tac t  area.  
d i r e c t i o n  o f  r o l l i n g ,  and s ince  t h e r e  i s  some reason  t o  expect  t h e  f i l m s  t o  be 
t h i n n e r  near  t h e  ends than  nea r  t h e  c e n t e r ( 9 ) ,  measurements o f  f i lm  th i ckness  
w i l l  be made a t  many a x i a l  pos i t i ons .  
A t  p o s i t i o n s  away from t h e  c e n t e r  l i n e ,  t h e  d i s k  rad i i  w i l l  be unequal, 
and t h i s  w i l l  warp t h e  l u b r i c a n t  f i l m  and cause some l o s s  o f  X-ray t ransmission.  
The warpage should be t h e  same a s  t h a t  o f  t h e  su r face  midway between t h e  disks  
before  they  a r e  deformed. A t  d i s t a n c e  x i n  t h e  r o l l i n g  d i r e c t i o n  and 7 i n  t h e  - 
a x i a l  d i r e c t i o n  from t h e  c e n t e r  o f  contac t ,  t h e  d e f l e c t i o n  o f  t h a t  midway su r face  
from t h e  c e n t r a l  t angent  plane i s  (Cf. F igure  2) :  
-2 - - - -2 - 
where r = x - y s i n  fi - cos 6, and r 2 =  r + 3 s i n  pc - cos  6, . 
1 16 C 2E; 2c 26; 
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- - - - 
Then i f  51 = R2 R; = R; 3 SO t h a t  r 
1 IC 2c = r ( t h e s e  being center -of -contac t  
d i s k  r a d i i ) ,  
n 1 -7 -4 
- s 2 ~  s i n  p C  cos 
M' 2 qc [ I - ~ ]  
The g r e a t e s t  va lue  of  t h i s  d e f l e c t i o n  i n  t h e  dry-contact  a r e a  occurs  on t h e  
boundary e l l i p s e  a t  y = y f i  and i s  - -  h 
- 
Taking r e p r e s e n t a t i v e  va lues  2 = 0.01456 in. ,  yh = 0,0855 in . ,  r = 0,706 i n .  h I C  
-6 - (= 0.717 cos  loo, i n c h ) ,  and f i C  = loo makes t h i s  6 = - 1.12 x 10 in .  max 
This  d i s t a n c e  i s  small enough so t h a t  t h e  warpage o f  t h e  l u b r i c a n t  f i l m  should 
n o t  cause any g r e a t  l o s s  i n  X-ray t ransmiss ion ,  and it should be p o s s i b l e  t o  
c o r r e c t  f o r  such a l o s s  i f  t h a t  i s  necessary.  
Considerat ion had been given t o  measuring f i lm- th ickness  p r o f i l e s  using 
X-rays p ro jec t ed  ac ross  t h e  con tac t  a r ea  i n  t h e  a x i a l  d i r e c t i o n  ( c i r cumfe ren t i a l  
p r o f i l e ) ,  bu t  it i s  now recommended t h a t  such measurements should be defer red .  
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There i s  a s t rong  p o s s i b i l i t y  t h a t  t h e  r o l l i n g  su r faces  d i p  toward each o the r  
a long  a curve approximating t h e  t r a i l i n g  edge of contact.") I n  such a case,  t h e  
f i l m  th i ckness  would vary  i n  a p a t t e r n  hard t o  d e t e c t  by X-rays p ro jec t ed  i n  t h e  
a x i a l  d i r e c t i o n ,  and measurements u s ing  those  X-rays would add l i t t l e  t o  t h e  
information obta inable  from X-rays p ro jec t ed  i n  t h e  r o l l i n g  d i r e c t i o n  ( a x i a l  
p r o f i l e ) .  
p r o j e c t i o n  of X-rays when t h e  d i s k s  a r e  a s  small  a s  now seem needed, t h e  use  of 
such p r o j e c t i o n  appa ren t ly  should be defer red ,  
S ince  a l s o  t h e  ro l l i ng -d i sk  machine l a c k s  adequate space f o r  a x i a l  
Both p res su re  d i s t r i b u t i o n s  and l u b r i c a n t  f i l m  th i cknesses  a r e  poten- 
t i a l l y  important  f a c t o r s  a f f e c t i n g  bear ing  l i f e .  Therefore,  measurements of 
p re s su re  a s  w e l l  a s  f i l m  th i ckness  might be des i r ab le ,  
it would be by us ing  manganin p re s su re  t r ansduce r s  shaped so a s  t o  measure spo t  
p re s su res  ( t h a t  i s ,  p re s su res  over r eg ions  wi th  both l eng th  and wid",:l m a l l  wi th  
r e s p e c t  t o  t h e  l eng th  and width of t h e  con tac t  a r e a ) .  
ments would be expected a t  h igher  temperatures ,  s i n c e  t r ansduce r s  have not  y e t  
been used f o r  F >  350 F. 
Various l u b r i c a n t s  w i l l  be used, of course,  t h e s e  being ones t h a t  a r e  
I f  p re s su re  were measured, 
D i f f i c u l t  w i t h  such measure- 
NASA candida te  o i l s  f o r  t h e  b a l l  bear ing  under cons idera t ion .  The opera t ing  
temperatures  f o r  them should r e p r e s e n t  l e v e l s  expected by NASA when poss ib l e .  
Thus, t h e  recommended design parameters  and measurements t o  be used 
exper imenta l ly  a r e  those  shown i n  Table 3. I t  i s  not suggested t h a t  a l l  combina- 
t i o n s  of t h e s e  parameters  should be used; it i s  suggested merely t h a t  t h e  parame- 
ters f o r  any experiment should be drawn from va lues  suggested i n  t h e  t ab le .  
geometry recommended i s  shown i n  Figure 3. 
The 
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TABLE 3. SPECIFICATIONS SUGGESTED FOR ROLLING-DISK EXPERIMENTS 
Parameter o r  Measurement Suggested Choices 
- - 
D i s k  r a d i i  (E1 c o s i c  = R2 cos @,) 
- 
Crown r a d i i  (E; = R;) 
Cone angle  (Bc) 
Axial  tilt angle  (Ft)  
R o l l  i n g  speed 
Maximum Her tz  
Lubr icants  
Temperatures 
0.71 in .  
11.0 in,  
00, loo 
O0 
2,000 (2,000) ~ O , O O O  ft/min 
p res su re  (p,) 100,000 (75,000) 400,000 p s i  
NASA candida te  l u b r i c a n t s  
250 F t o  600 F 
Pressure  measurement Manganin t r ansduce r  f o r  T < 350 F 
Fi lm-thickness  measurement X-rays i n  r o l l i n g  d i r e c t i o n  
3 2 The requi red  load v a r i e s  a s  ph. For  p measured i n  lb/ in . ,  t h e  propor- h 
t i o n a l i t y  f a c t o r  would be 25078 x f o r  Case 1, or 25105 x f o r  Case 2. 
Thus a good va lue  i n  any case i s  
3 2 
T h i s  normal load should be mul t ip l i ed  by Cosloo t o  f i n d  t h e  d i ame t ra l  load 
W = 25100 ph) f o r  ph - lb/in.. 
( t h a t  






FIGURE 3 .  RECOMMENDED G E O M E T R Y  FOR CONED DISKS 
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By neans of t h e  s i m i l i t u d e  a n a l y s i s  it was p o s s i b l e  t o  d e f i n e  
a c c u r a t e l y  a d i sk  gnometry t o  be used i n  t h e  l u b r i c a t i o n  experiments. 
geometry i s  sutnsarized i n  Table 3. 
was t o  nva lua te  t h e  f e a s i b i l i t y  of conducting d i sk  l u b r i c a t i o n  experiments w i th  
t h i s  geometry u:?der severe  ope ra t ing  condi t ion  of  loads ,  speeds,  and tenpera turzs .  
Thn t a r g e t s  f o r  t hose  cond i t ions  were s tmula t ion  3f l oads  t o  400,000 p s i  maximiirn 
con tac t  p re s su res ,  f u l l  bear ing  speeds t o  12200 rpm and temperatures  t o  600 F. 
This 
The next  s t e p  i n  .the r e s e a r c h  program then  
Descr ip t ion  of  Basic  Apparatus 
The r o l l i n g - d i s k  appara tus  which was devsloped f o r  use i n  t h i s  s tudy  i s  
shown p i c t o r i a l l y  i n  F igure  4* 
5 HP var iable-speed high-frequency induc t ion  motor;  d i sk  and motor rotor a r e  
Each of t h e  con tac t ing  d i s k s  i s  dr iven  by a 
both mounted on t h e  same s h a f t l  These s h a f t s  a r e  supported by p r e c i s i o n  
(ABEC-7) duplex b a l l  bear ings ;  t h e  main support  bear ings ,  ad jacen t  t o  t h e  disks, 
a r e  45-an bore,  and t h e  outboard bear ings  a r e  35-m bore. 
l u b r i c a t e d  and cooled by a je t ] -uhr ica t ion  system. 
The bea r ings  a r e  
Disk loading i s  acconpl ished 
t’mough a c a n t i l e v e r  beam arlxmtzd by a pneumatic cy l inde ro  
Various adjustments  a l low t h e  d i s k s  t o  be pos f t ioned  q u i t e  a c c u r a t e l y  
wi th  r e s p e c t  t o  each other.  The lower d i sk  assembly may be pos i t i onnd  a x i a l l y  
wi th  r e s p e c t  t o  the upper through a d o v e t a i l  mounting. The lower assembly may 
a l s o  be swiveled i n  a ho r i zon ta l  p l ane  t o  e l imina te  skewing a t  t h e  con tac t  area.  
F i n a l l y ,  t h e  a x i s  of  t h e  upper d i sk  assenbly  may be t i l t - a l i g n e d  wi th  t h a t  of t h e  




A r e c i r c u l a t i n g  l u b r i c a t i o n  system i s  used f o r  t h e  d i s k s , w i t h  
t h e  supply pump subrnerged i n  the  o i l  pump. 
by aeans  of  an o i l  j e t ,  and i s  scavenged by a g r a v i t y  retimi t o  t h e  suinp. 
l u b r i c a n t  i s  f i l t e r e d  and ?reheated be fo re  e n t e r i n g  t h e  con tac t  zoneo 
a r e  enclosed i n  a s p e c i a l  'ban" arrangement which serves a s  a con ta ine r  f o r  t he  
l u b r i c a n t  and con ta ins  t h e  h e a t e r s  f o r  t h e  d i s k x  Tne can r eg ion  i s  deslgned I;O 
ope ra t e  above 630 Kwhich  i s  s i g n i f i c a n t l y  h igher  t han  the temperature  l i m i t  of 
t h e  support  bearLngse 
renovad from t h e b e a r i n g s t 0  maintain t h i s  r equ i r ed  temperature  d i f f e r e n t i a l .  
Lubr icant  i s  f ed  t o  t h e  cm5ac-t zone 
The 
The d i s k s  
Heat must be cont inuously suppl ied  t o  t h e  d i s k s  and 
-- Instrument  a t  i on 
Perhaps t h e  most c r i t i c a l  a s p e c t  of the l u b r i c a t i o n  process  occuz-eifig 
I-setnl3en r g l l i n g - w r i t a c t  d i s k s  i s  the th i ckness  of t h e  elastokydrodynazllc 
l u b r i c a n ?  fi1.n which i s  formed& The primary ins t rumenta t ion  t o  be used wl th  
t h e  d i sk  r i g ,  then, i s  an X-ray technique f o r  measuring t h i s  f i l m  th ickness .  
A s  a sup2lernent t o  t h i s  technique,  d i e l e c t r i c - s t r e n g t h  measurements a r e  being 
used t 9  observe t h e  e x t e n t  of f l u l d  f i l n  breakdown, 
The S a t t e l l e  X-ray tecfirm?=que was descr ibed  by S ih l ey  and Aust in  It 
c o n s i s t s  e s s e n t i a l l y  of f looding  t h e  con tac t  r eg ion  between t h e  d i s k s  wi th  X-~ays  
and of measuring t h e  r a t e  of  t ransmiss ion  of X-rays by t h e  l u k r i c a n t  f i l m l  
X-rays a r e  absorbed only s l i g h t ' l y  by t h e  l u b r i c a n t  b u t  f i n d  t h e  s tee l  q u i t e  
opaquee 
c a l i b r a t i o n  f3c to r ,  t o  t h e  f i l n  thickness .  
The 
Thus, t h e  r a t e  of X-ray transi$.sslon can be r e l a t e d ,  by an approps t a t e  
F i g u x  5 i s  a s c h e m t i c  d i ag ran  of tile X-ray systein. An X-ray s~>urce  













conta in ing  a ho r i zon ta l  s l i t  about  0,Ol i n .  
l i n e  sourcer  
cont ro l led .  
ti.h i s  a s l i t  about  1/8-h. 
con tac t  area.  
h igh  5s l oca t ed  i n  f r o n t  of t h i s  
By moving t h e  s l i t  v e r t i c a l l y ,  t n e  e l e v a t i o n  of  the X-ray bea:-n I s  
The beaa then  d iverges  i n t o  a co l l ima t ing  tcihe. A t  the  sild of th:s 
high, m i e n t e d  p a r a l l e l  t o  t h e  p lane  of t h e  d isk  
The r e s u l t i n g  l i n e  p a t t e r n  through t h e  s l i t  is p a r a l l e l  and u,?ifor!n. 
Tne bean now passes  through t h e  con tac t  zone between t h e  d i s k s  and i s  
de tec t ed  a t  t h e  o t h e r  end by a s c i n t i l l a t i o n  counter ,  i n  f r o n t  of which :-s f ixed  
a third s l i t ,  mienked  perpendicular  t o  t h e  p l ane  of t h e  c o n t a c t  region. Tne 
counter  i s  t r a n s v w s e d  a c r o s s  t h e  con tac t  r eg ion  i n  predetermined increments,  
g iv ing  a measure o f  t'ne beam i n t e n s i t y ,  o r  count,  a t  each incrcment. I n  t h i s  
manner, a p r o f i l e  of the  f i l m  t h i ckness  ac ross  Yne e n t i r e  width of  the ziis!c 
can be found. 
C a l i b r a t i o n  of the X-ray tschnique i s  obta ined  by spreading t h e  d l s k s  
i n  small  amounts by m a n s  of  a p r e c i s e  a d j u s t i n g  screwy and m?an:dille observlng 
t h e  X-ray count f o r  t'nese known separat ions.  
given i n  Figure 6; the l u b r i c a n t  i n  use  was XRM-177. 
A t y p i c a l  c a l i b r a t i o n  c u v e  1s 
I n  a d d i t i o n  50 t h e  X-ray instrurnentat ion,  p rov i s ion  f o r  observing t h e  
d i e l e c t r i c  s t r e n g t h  of  t h e  l u b r i c a n t  f i l m  has  Seen Incorpora ted  i n t o  thg  
appara tus*  A schematic diagram of c h i s  c i r c u i t  i s  glven i n  F igure  7& One 
d i sk  i s  e l e c t r l c a l l y  i s o l a t e d  from t h e  o the r ;  an a-c w l t a g s  i s  app l i ed  a c m s s  
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SCILLOSCOPE 
- - - 
01 SKS 
FIGURE 7. SCHEMATIC DIAGRAM OF LUBRICANT-FILM 
DIELECTRIC-STRENGTH MEASUREMENT CIRCUIT 
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Modif ica t ion  Df & j a r a t u s  f o r  H i j . z L a s  Hiqh-Tempera t u r e  S t t l d i s  
The d i sk  appara tus  was o r i g i n a l l y  designed f o r  per forn ing  experiments 
w i t h  six-inch-diameter d i s k s  a t  t e m p e r a t n s s  a r m n d  431 F. The Y.yl-,-temperature 
condi t ions  t o  be encompassed by t h e  program, and *,he d i sk  s p e c i f i c a t i o n s  of 
Table 3, n e c e s s i t a t e d  some nodi f ica- t ions  t o  t h e  o r i g i n a l  appara tu  5, One of 
t h e  primary o b j e c t i v e s  of Task 11, t hp re fo re ,  was t o  make and t e s t  t h e  r equ i r ed  
mod i f i ca t ions j  
and t h e  minimization of p o s s i b l e  problems of co r ros ion  and contamination a s soc ia t ed  
w i t h  the opera t ion ,  f o r  s a s t a i n e d  pe r iods  of t h e ,  a t  l u b r i c a n t  temperatures  up 
T n i s  p r imar i ly  involved the  u t i l i z a t i o n  o f  much smdler d isks ,  
t o  600-700 F o  
-- Fea tiires Incorpora ted  inkc-ABara tqs to_ -Allow f o r  >&-Temaeratuse Emer iments  
The disks are  opera ted  i n  a n i t r o g e n  environment t o  prevnnt  oxfdarlj.on of 
t h e  iub r i ca i l t  being evaluated. Nitrogen i s  a l s o  forced  i n t o  t h e  c e n t e r  of  t h e  
l a b y r i n t h  s e a l  between each d i s k  and t h e  ad jacen t  suppor t  bear ing,  t o  n i n i n i z e  
any back flow of a i r  i n t o  t h e  i n s r t e d  d i s k  chamber. 
t o  monitor n i t r o g m  flow t o  each of t h e s e  a r e a s I  
Flow meters  have been provided 
The d i s k  chaaber i s  t o t a l l y  m c l o s e d  by a second chamber. Sheath 
\ e a t e r s  f o r  nea t iny  t h e  d i s k  t o  t h e  d e s i r e d  ope ra t ing  temperature  a r e  brazed 
t o  t h e  ou t s ide  su r face  of t h i s  enclosure.  A cutaway view of t h e  d i sk  container /  
h e a t e r  is g i v m  i n  F igure  80 
w i t h  t h e  upper d i s k  removnd. 
F i g w e  9 i s  an  e x t e r i o r  view of t h e  con ta ine r  
One problem i n  hea t ing  t h e  d i s k s  i s  t h a t  t h e  
surrounding environment mus t  be s i g n i f i c a n t l y  coo le r  than  the d i s k  surface.  The 
support  bear ings  should not  be 
components such a s  t h e  counter  
The double-can arrangement has 
conta in ing  t h e  heated reg ion"  
heated i n  excess of 350 F, and some of t h e  X-ray 
tube  must be e s s e n t i a l l y  a t  morn temperature.  
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FIGURE 8. CUTAWAY VIEW OF DISK CONTAINER/HEATER 
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FIGURE 9. EXTERIOR VIEW O F  DISK CONTAINER/HEATER WITH 
CONTAINER P U L L E D  AWAY F R O M  U P P E R  DISK 
3% 
Lubricant  i s  suppl ied  t o  t h e  d i s k s  through a j e t  l oca t ed  a t  t h e  i n l e t  
zone o f  t h e  con tac t  region.  
upstream o f  t h e  con tac t  zone t o  prehea t  t h e  l u b r i c a n t  t o  t h e  d e s i r e d  temperature.  
I n  add i t ion ,  h igh-capac i ty  hea t  t a p e s  surrounding t h e  d i sk - lub r i can t  plumbing 
l i n e s  and sump a i d  i n  maintaining t h e  bulk of  t h e  l u b r i c a n t  a t  a p r e s e t  tempera- 
t u re .  Chromel-alumel thermocouples a r e  used t o  measure temperatures  a t  t h e  d i s k  
su r face ,  t h e  l u b r i c a n t  i n l e t  manifold,  two p o i n t s  on t h e  d i s k  chamber, t h e  
l u b r i c a n t  sump, and both outboard bear ings.  
a mu1 t i poi n t  reco r d e r  . 
The l u b r i c a n t  i s  pumped through t w o  h e a t  exchangers 
These temperatures  a r e  read  o u t  on 
A schematic diagram o f  t h e  l u b r i c a t i o n  system i s  given i n  Figure 10. 
The d i sk - lub r i can t  l i n e s  inc luding  a l l  component tub ing ,  f i t t i n g s ,  va lves ,  and 
gages a r e  made o f  s t a i n l e s s  s t e e l .  To avoid temperature  degrada t ion  of  t h e  d isk-  
lubricant-pump main-shaft  s e a l  and consequent contamination o f  t h e  l u b r i c a t i n g  
f l u i d ,  t h i s  s e a l  has  been e l imina ted  a l toge the r .  Th i s  was made p o s s i b l e  by 
designing an enc losure  ( a l s o  n i t rogen-pressur ized)  f o r  t h e  e n t i r e  pump, such 
t h a t  t h e  pump o p e r a t e s  completely immersed i n  l u b r i c a n t ,  
u t i l i z e d  a s  a sump f o r  t h e  bulk of  t h e  l u b r i c a n t  i n  t h e  system. 
This  enc losure  i s  a l s o  
Fabr i ca t ion  o f  S imi l i t ude  Disks 
A s  a r e s u l t  o f  t h e  ana lyses ,  i t  was concluded t h a t  s imula t ion  o f  t h e  
ba l l - r ace  l u b r i c a t i o n  o f  t h e  120-mm-bore angular -contac t  b a l l  bear ing could 
be obta ined  with a p a i r  o f  r o l l i n g - d i s k s  by proper  s e l e c t i o n  o f  t h e  d i s k  geometry. 
I t  was a l s o  t a c t i l y  concluded t h a t  t h e  use of d i s k s  of  o t h e r  than t h e  proper  
geometry would y i e l d ,  a t  b e s t ,  r e s u l t s  t h a t  would be ques t ionable  when r e l a t e d  t o  
t h a t  bear ing.  The d i s k s  must be very  small ,  1.42 i n ,  i n  diameter ,  and have 
a cone angle  o f  10 degrees  and a crown r a d i u s  of  11 i n .  ( s e e  Table 2).  






FIGURE 10. DISK LUBRICATION SYSTEM 
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t h a t  t h e  experimental  appara tus  had been designed t o  accommodate. 
o rde r  t o  eva lua te  a c c u r a t e l y  t h e  f e a s i b i l i t y  o f  us ing  t h e  d i s k  appara tus  f o r  
l u b r i c a t i o n  experiments i t  was mandatory t h a t  t h i s  appara tus  be eva lua ted  under 
condi t ions  which p rope r ly  s imulated t h e  a c t u a l  ope ra t ing  condi t ions .  Actua l ly ,  
two types  o f  d i s k s  a r e  needed f o r  t h e  study. 
descr ibed  above; t h e  second i s  similar,  bu t  without  t h e  10 degree cone angle.  
However, i n  
One type  i s  t h e  coned d i s k  
The f a b r i c a t i o n  o f  1.42-in. -diameter disks  presented  a few unique 
problems i n  t h e  program s i n c e  t h e s e  d i s k s  were sma l l e r  i n  diameter  than  t h e  
support ing s h a f t  a t  t h e  main support  (45-mm) bear ings.  
therecore ,  needed t o  accommodate t h e  d i sks .  The s h a f t  design chosen involved a 
permanent attachment o f  t h e  d i sks  t o  t h e  sha f t .  The s h a f t s  were f a b r i c a t e d  
from t o o l  s t e e l ,  through-hardened t o  Rc45. For  proper  s imula t ion ,  t h e  d i s k s  
were made from high-temperature MZO bear ing  s t e e l  hardened t o  R 60. 
t rea tment  f o r  t h e  d i s k s  was c o n s i s t e n t  with t h e  r equ i r ed  procedure f o r  MZO. 
A photograph o f  t h e  d isk /dr iv ing  s h a f t  arrangement i s  shown i n  F igure  11. 
I n t e g r a l  with each d i s k  i s  a small  s tub-shaf t  which i s  pressed  i n t o  t h e  s h a f t  
Spec ia l  s h a f t s  were, 
The h e a t  
C 
with a 0.003 i n .  i n t e r f e r e n c e  f i t .  
t h e  s h a f t  t h e r e  should be no r educ t ion  o f  t h i s  f i t  a t  temperature.  The s t u b  
s h a f t  i t s e l f  i s  hollow t o  reduce t h e  t r a n s f e r  o f  hea t  from t h e  d i s k  t o  t h e  bear ings.  
Since t h e  d i s k  w i l l  t y p i c a l l y  be h o t t e r  than  
The d i s k s  were f i n i s h e d  a f t e r  assembly with t h e  s h a f t  by gr inding  on 
t h e  s h a f t  cen te r s .  In  t h e  case  o f  s i m i l i t u d e  d i s k s ,  t h e  cone angle  was machined 
onto t h e  d isk .  
bear ings ,  us ing  a f i n e  diamond d u s t  compound wi th  a s p e c i a l  lapping f i x t u r e  
The d i s k s  were then  f in i sh- lapped  while  mounted on t h e i r  
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F I G U R E  1 1 .  DRIVE S H A F T  WITH I N T E G R A L  DISK 
F I G U R E  12. L A P P I N G  F I X T U R E  IN O P E R A T I O N  
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designed t o  gene ra t e  the crown rad ius .  
involves  a block-lap on an l l - i n .  swinging-arm arrangement. The r e s u l t i n g  
Th i s  f i x t u r e  i s  shown i n  Figure 12 and 
su r face  f i n i s h  roughness was 1-2 microinches rms .  The "run-out" o f  t h e  d i s k s  
a f t e r  f in i sh- lapping  was approximately 50 x in .  TIR. A Talysurf  t r a c e  o f  
a r e p l i c a  o f  t h e  f i n i s h e d  lower d i s k  i s  given i n  F igure  13. The d i sk - sha f t  
assemblies were commercially balanced f o r  speeds t o  25,000 rpm. 
Explora tory  Experiments With S imi l i t ude  D i s k s  
Check-Out T e s t s  
The t a r g e t  maximum cond i t ions  f o r  t h e  s imi l i tude-d isk  experiments were: 
1. D i s k  speeds t o  27,000 rpm t o  s imula te  bea r ings  a t  12,500 rpm 
2. 
3. Temperatures t o  600 F. 
Loads producing bear ing  p res su res  t o  400,000 p s i  
A p re l iminary  check-out o f  t h e  equipment revea led  t h a t  t h e  600 F ambient 
temperature  and t h e  loading c r i t e r i a  were q u i t e  f eas ib l e .  The upper l i m i t  on 
t h e  speed o f  t h e  d i s k ,  however, was l i m i t e d  by t h e  d r i v e  motors t o  around 
22,000 rpm. 
Explora tory  Experiments 
Exploratory experiments have been conducted both t o  eva lua te  t h e  u s a b i l i t y  
o f  t h e  appara tus  and t h e  f i lm- th ickness  ins t rumenta t ion  p l u s  t h e  f e a s i b i l i t y  o f  
d i s k  f i lm- th ickness  experiments f o r  t h e  t a r g e t  condi t ions .  These experiments were 
conducted i n  a n i t rogen  environment with a s y n t h e t i c  p a r a f f i n i c  f l u i d ,  des igna ted  
XRM-177, manufactured by Mobil O i l  Company. 
One type  involved measuring an a x i a l  p r o f i l e  o f  t h e  l u b r i c a t e d  con tac t  zone between 
t h e  d i s k s  us ing  t h e  X-ray technique. 
Two types  o f  experiments were conducted. 

























measuzing only  t h e  minimum f i lm  th ickness  between t h e  disks. A surnmary of  t h e  
condi t ions  included i n  t h e  experiments is  given i n  Table 4. 
Experiments were s u c c e s s f u l l y  c o n d x t e d  a t  d i s k  temperatures  up t o  
600 F w i t h  t h e  d i s k  r o t a t i n g  a t  20,000 rpm under 200,000 p s i  con tac t  pressures .  
Under t h s e v e r y  severe  cond i t ions  only very t h i n  f i lms  ( -1 mic.roinch) were 
observed us ing  t h e  X-ray technique. 
down o f  t h e  l u b r i c a n t  f i lm  between t h e  d i s k  was observed a t  t h e s e  condi t ions  --- 
us ing  t h e  d i e l e c t r i c  breakdown technique. 
Fur ther ,  p a r t i a l  a l though n o t  complete break- 
An a x i a l  p r o f i l e  of t h e  d i s k  con tac t  zone obtained by scanning t h e  
X-ray counter ,  a x i a l l y ,  i n  t h i s  zone i s  given i n  F igure  14 f o r  a 600 F, 10,000 rpm, 
200,000 p s i  condi t ion .  The mean f i l m  th icknoss  i n d i c a t i o n  here  i s  about  
1 microinch. 
X-ray s i g n a l  was boing rece ived  a t  t h e  cen te r  o f  con tac t  t o  a s c e r t a i n  t h a t  the 
d isk  con tac t  zone was a l igned  wi th  t h e  X-ray beam- 
poss ib l e  th inning  3 f  t h e  f i l m  a t  the edges of t h e  con tac t  zone i n  t h i s  p r o f i l e ,  
a l though t h i s  edge th inn ing  could a l s o  be due t o  a skewing of t h e  ugper d i s k  
r e l a t i v e  t o  t h e  lower. A l a t e r  check of the d i s k s  revea led  t h a t  apparent  
con tac t  i n  t h e  e n t i r e  con tac t  z m e  had occurred;  evidence of s c u f f i n g  i.1 t h e  
edge reg ions  was seen. 
experiments,showing t h e  wear a r e a  and t h e  s c u f f i n g  i s  given i n  F igure  15. 
The d i s k s  were ad jus t ed  t a n g e n t i a l l y  s ~ c h  t h a t  t h e  maxinuin 
There appears  t o  be a 
A photograph taken of t h e  upper d i s k  a f t e r  t h e  
A t  t h e  600 F, 10,000 rpin condi t ion ,  t h e  loading  jetween t h e  d i s k s  was 
increased  t o  approximately 373, 000 p s i  t o  check t h e  load-support ing.  c a p a b i l i t i e s  
of t h e  l u b r i c a n t .  
appara tus  occurred and i n d i c a t i o n s  of a zero f i l m  t h i c k n e s s  were obta ined ,  
by t h e  d i e l e c t r i c  breakdown technique. 
A t  t h i s  h ighes t  loading  cond i t ion  v i b r a t i o n  i n  t h e  
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TABLE 4, SEQUENCE OF EXPLORATORY EXPERIMENTS WITH SIMILITUDE DISKS 
hli n i m u m  
Maximum TYPe Film 
Case Temperature, Contact  P r e s s u r e ,  Speed, of Thickness, 
Number F ps i r Pm Experiment microinches 
1 Ambient 400,000 0 
2 200 200,000 10,000 P r o f i l e  18 
3 250,000 10,000 15 (1 11 
4 11 
5 11 
200,000 15,000 Film Thickness 23 
25 20,000 11 200,000 
6 400 200,000 10,000 P r o f i l e  3 
7 200,000 15,000 Film Thickness 4 
6 8 200,000 
9 600 200,000 10,000 P r o f i l e  - 1  
10 I1 200,000 15,000 F i l m  Thickness - 1  
11 I1 200,000 20,000 - 1  
12 I1 250,000 20,000 
I1 
I 1  20,000 11 
I f  
- 1  11 
13 I1 370,000 10,000 
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F I G U R E  14. A X I A L  P R O F I L E  OF SIMILITUDE DISKS 
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FIGURE 15. U P P E R  DISK A F T E R  RUNNING A T  200,000 PSI AND 600 F 
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A t  t h e  lower temperature  cond i t ions  a d e f i n i t e  i n d i c a t i o n  of a f i lm  
was apparent  f o r  a l l  of t h e  few condi t ions  checked. This  f i lm  ranged from 
3-4 microinches 
condi t ions.  
a t  10,000 rpm t o  5-6 microinches a t  20,000 rpm f o r  t h e  400 F 
Films of  t h i s  magnitude are  c o n s i s t e n t  w i t h  t h e  e x t r a p o l a t i o n  of 
o the r  f i l m  t h i ckness  measurements ob ta ined  a t  Ba t t e l l e .  
obtained a t  400 I: f o r  t h e  10,r300-rpm, 200,000-psi condi t ion  i s  given i n  F igure  16. 
No apparent  edge th inn ing  exis ts  i n  t h i s  p r o f i l e .  
condi t ion ,  200 F,q s i z a b l e  f i l m  was exhib i ted .  
temperature cond i t ion  i s  given i n  Figure 17. 
An a x i a l  p r o f i l e  
For t h e  lowest  temperature  
An a x i a l  p r o f i l e  a t  t h i s  laver 
I n  genera l  t h e  explora tory  experiments have been q u i t e  informative 
ahout  t h e  l u b r i c a t i o n  of bear ings  under severe  cond i t ions  of operat ion.  
t h e s e  experiments were no t  intended a s  a mechanism f o r  eva lua t ing  t h e  X.W-177 
l u b r i c a n t  o r  t h e  f e a s i b i l i t y  of running bear ings  a t  600 F, and much more e l a b o r a t e  
experiments and observa t ions  a r e  c e r t a i n l y  needed. The r e s u l t s  a r e  i n t r i g u i n g  
and do demonstrate t h a t  t h i s  t ype  of  experiment i s  both  p o s s i b l e  and f eas ib l e .  
Futtlre experiments should be most informative.  
However, 
CONCLUSIONS 
A program has been conducted t o  eva lua te  t h e  f e a s i b i l i t y  a f  us ing  an 
X-ray f i l m  th i ckness  measuring scheme i n  conjunct ion w i t h  a l u b r i c a t e d  r o l l i n g  
d i sk  appa ra tus  f o r  eva lua t ing  l u b r i c a t i o n  under h igh  load ,  high temperature  and 
high speed condi t ions.  
d i s k s  that,when loaded together;  
s imula t ion  D f  t h e  con tac t  s i t u a t l o n  betfdeen a h a l l  and :race i n  a 120-~r.i-bore 
angular -contac t  bear ing.  The second o b j e c t i v e  was t o  eva lua te  t h e  f e a s i b l l i t y  
oE conducting l u b r i c a t i o n  expsriments w i th  t h e  dssig?sd d i sk  under vary severe  
condi t ions ,  us ing  t h e  X-ray techniques.  
The f i r s t  o b j e c t i v e  of t h e  s tudy  was t o  design a p a i r  of 
i n  l u b r i c a t e d  contac t ,  would y i e l d  an accu ra t e  
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Load 200,000 psi 
Speed 10,000 rpm 
Temp. 400 F 
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FIGURE 16. AXIAL PROFILE OF SIMILITUDE DISKS 
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Speed 10,000 rpm 
Temp. 200 F 
Lubricant XRM-177 F 
I I I 
I 
FIGURE 17. AXIAL PROFILE O F  SIMILITUDE-DISKS 
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A compehensive a n a l y s i s  was conducted i n  t h e  s tudy t o  de f ine  a d i sk  
geometry which would y i e l d  accu ra t e  s imula t ion  of a 120-ifin-bore besr ing.  
a n a l y s i s  was based on a nondimensionalizing process  f o r  t h e  d i f f e r e n t i a l  
equat ions  governing Sear ing  l u b r i c a t i o n ;  cons ide ra t ion  was givan t o  e l a s t i c i t y  
e f f e c t s ,  thermal e f f e c t s ,  and hydrodynaric effec-ts.  As a resu l t  of t h i s  phase 
of t h e  s tudy  it was concluded t h a t  accu ra t e  bear ing  l u b r i c a t i o n  experiments 
could be conducted wi th  a p a i r  of d i s k s  ineeting -the fol lowing s p e c i f i c a t i o n s :  
T h i s  
Disk Mater ia l  M-50 s tee l  
D i s k  Diameter 1.42 in .  
Cone Angle 100 
T i l t  Angle 00 
Crown Radius 11 i n .  
D i s k  speeds t o  27,000 rpm t o  s imulate  bea r ings  a t  12,500 rpm 
Loads produsing bear ing  9 r e s s u r e s  t o  400,000 p s i  
Temperature 600 Fa 
An e x i s t i n g  d i s k  machine was modified t o  be used f o r  t h e  experimentsn 
A s e t  of d i s k s  meeting t h e  t a r g e t  s p e c i f i c a t i o n s  was f a b r i c a t e d  and lapped t o  
a 1-2 m-croinch f i n i s h  wi th  almost p e r f e c t  run-out i n  t h e i r  suppor t  Sear ings.  
From a series of check-out experiments,  it appears  t h a t  a l l  t a r g e t  condi t ions  
a re  f e a s i b l e  except  perhaps t h e  27,000-rpm-speed condi t ions ;  here  20,000 rpm i s  
t h e  upper l i i n j - t  of t h e  d r i v e  motors. 
A s e r i s s  of exp lo ra to ry  experiments have been conducted ‘20 determine i f  
measurable l u b r i c a n t  f i lms  e x i s t  under very  severe  condi t ion  of operat ion.  
600 F only va ry  t h i n  f i l m s  were observed ( -1 microinch) a l thou3h t h e r e  was 
A t  
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evidence o f  d i s k  sepa ra t ion  with both t h e  X-ray technique and a d i e l e c t r i c  
breakdown scheme f o r  a loading o f  even up t o  200,000 p s i  con tac t  pressure .  
temperature  o f  400 F a l u b r i c a n t  f i lm  around f i v e  microinches t h i c k  was observed. 
A t  a 
I n  gene ra l ,  t h e  s tudy  has  shown t h a t  r e a l i s t i c  s imula t ion  o f  bear ing 
ope ra t ion  can be had us ing  r o l l i n g  d i s k s ,  by s u i t a b l e  s e l e c t i o n  of  t h e  d i s k  
geometry. 
high temperature  appear t o  be q u i t e  f e a s i b l e .  
Fu r the r  f i lm- th ickness  experiments under h igh  speed, high load ,  and 
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PRINCIPLES OF MODELING BALL-RACE LUBRICATION 
Nature of  t h e  Problem 
The shape of t h e  l u b r i c a t i n g  f i l m  between a b a l l  and i t s  race and t h e  
d i s t r i b u t i o n  of p re s su re  i t  exerts on t h e  bear ing  s u r f a c e s  depend on t h e  phys ica l  
p r o p e r t i e s  of t h e  s u r f a c e s  and t h e  l u b r i c a n t  and on ope ra t ing  cond i t ions  such as 
load ,  speed, and temperature.  To g e t  a good q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e s e  
processes  d i r e c t l y  f o r  a b a l l  bear ing ,  however, would r e q u i r e  e i t h e r  experi-  
mentat ion which is  s t i l l  q u i t e  d i f f i c u l t  o r  a l abor ious  elastohydrodynamic 
a n a l y s i s  f o r  which t h e  foundat ions  are s t i l l  somewhat uns t ab le .  
Two d i s k s  r o l l i n g  toge the r  i n  l u b r i c a t e d  con tac t  l i k e w i s e  develop a 
f i l m  of l u b r i c a n t  between them. Great s i m i l a r i t y  between t h i s  l u b r i c a t i n g  
a c t i o n  and t h a t  generated by a b a l l  r o l l i n g  i n  a race could be had by making 
t h e  conformity between t h e  d i s k s  be  t h e  same as t h a t  between t h e  b a l l  and race, 
by imposing 
same bearing materials, l u b r i c a n t ,  and temperature.  Such s i m i l a r i t y  might be 
t h e  same load  and s u r f a c e  motions i n  both  cases, and by us ing  t h e  
advantageous f o r  t h e  s tudy  of l u b r i c a t i o n  i n  b a l l  bea r ings ,  s i n c e  i t  would a l low 
experiments w i th  d i s k s  t o  r e p l a c e  d i f f i c u l t  experiments wi th  b a l l  bea r ings ,  bu t  
a r ranging  thus  f o r  g r e a t  s i m i l a r i t y  would b r ing  d i f f i c u l t  problems i n  i t s e l f .  
For example, t h e  making of X-ray measurements of f i lm-thickness  r e q u i r e s  t h e  
l u b r i c a t i n g  f i l m  t o  be f l a t  enough t o  permit  passage of X-rays. 
impossible  i n  most bear ings ,  bu t  i t  is no t  much less so i n  completely s imula t ing  
This  f l a t n e s s  i s  
d i s k s .  Again, i f  s i m i l a r i t y  i s  re laxed  t o  a l low geometric enlargement i n  o rde r  
t o  f a c i l i t a t e  u s e  of a p res su re  t ransducer  i n  t h e  con tac t  area between any experi-  
mental  d i s k s  (here  c a l l e d  t h e  model) as compared t o  any bear ing (here  c a l l e d  t h e  
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proto type) ,  then  applying proper p re s su re  over t h e  l a r g e r  area may overload t h e  
bear ings  suppor t ing  t h e  d i s k s  as w e l l  as raise ques t ions  about  l o s s  of s i m i l a r i t y  
through t h e  enlargement.  
s i m i l a r i t y  between t h e  ba l l -bear ing  and experimental  d i s k  forms of l u b r i c a t i o n .  
These s o r t s  of problems demand an  a n a l y s i s  of t h e  
The a n a l y s i s  must a l low f o r  complexi t ies  such as t o r o i d a l  rounding and 
of t h e  s u r f a c e s  r ep resen t ing  a s p e c t s  of ba l l - r ace  motion, and i t  should c l a r i f y  
t h e  p o s s i b l e  n e c e s s i t y  of s a c r i f i c i n g  some s i m i l a r i t y  i n  l u b r i c a t i o n  f o r  experi-  
s p i n n i n g  
mental  cons ide ra t ions .  
One of t h e  d i s t i n c t i v e  f e a t u r e s  of ba l l - r ace  motion i s  t h a t  t h e r e  is  
cons iderable  v a r i a t i o n  of i n t e r f a c i a l  s l i p  a c r o s s  t h e  con tac t  area. This  s l i p  
arises because a b a l l  t y p i c a l l y  s p i n s  wi th  r e s p e c t  t o  one race as w e l l  as because 
t h e  cu rva tu re  of t h e  con tac t  area p u t s  d i f f e r e n t  p a r t s  of i t  a t  d i f f e r e n t  d i s -  
t ances  from t h e  axis of r evo lu t ion  of t h e  b a l l .  This  la t ter  component of s l i p ,  
c a l l e d  Heathcote s l i p ,  varies p a r a b o l i c a l l y  from one s i d e  of t h e  race t o  t h e  
o t h e r ,  whereas t h e  s l i p  due t o  b a l l  s p i n  varies almost l i n e a r l y  from s i d e  t o  
s i d e .  Linear  v a r i a t i o n  of s l i p  from s i d e  t o  s i d e  can  be s imulated i n  t h e  d i s k  
conf igu ra t ion  by coning both d i s k s ,  and pa rabo l i c  v a r i a t i o n  can be had by making 
t h e  r o l l i n g  f a c e  concave on one d i s k  and convex on t h e  o t h e r .  For t h e  b a l l - r a c e  
motion t o  be considered he re ,  t h e  s l i p  con t r ibu ted  by b a l l  s p i n  i s  expected t o  be 
dominant, so coning of t h e  d i s k s  is  expected t o  be more important i n  t h e  simula- 
t i o n  process  than  i s  t o r o i d a l  rounding. Never the less ,  both of t h e s e  a s p e c t s  of 
d i s k  geometry w i l l  be g iven  cons idera t ion .  
A p o t e n t i a l l y  important r e s u l t  of s l i d i n g  between t h e  b a l l  and race 
s u r f a c e s  is  t h a t  t h e  l u b r i c a n t  w i l l  undergo l o c a l  hea t ing ,  which of course  can 
reduce t h e  l u b r i c a n t  v i s c o s i t y  and hence alter t h e  l u b r i c a t i o n  process .  
i n d i r e c t  e f f e c t  of ba l l - r ace  s l i p  ( v i a  temperature)  can be more i n f l u e n t i a l  on 
This  
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t h e  l u b r i c a t i o n  processes  than  are t h e  d i r e c t  e f f e c t s  ( t h a t  is ,  v i a  f o r c e s  aris- 
ing  d i r e c t l y  from l u b r i c a n t  shea r ing ) .  
Therefore ,  whi le  some modeling of ba l l - r ace  l u b r i c a t i o n  may be j u s t i -  
f i a b l e  us ing  a d isk-d isk  conf igu ra t ion  neg lec t ing  thermal a s p e c t s  of t h e  modeling 
process ,  r e a l l y  good modeling should inc lude  thermal as w e l l  as d i r e c t ,  mechanical 
s i m i l i t u d e .  
It w i l l  be  shown t h a t  thermal  s i m i l i t u d e  can  be had i n  a d d i t i o n  t o  
mechanical s i m i l i t u d e  only  under very  res t r ic t ive cond i t ions  which may o f t e n  be 
ob jec t ionab ly  hard t o  f u l f i l l .  Therefore ,  cons ide ra t ion  w i l l  be ' g iven  f i r s t  t o  
i so thermal  modeling which treats thermal complicat ions as  being n e g l i g i b l e ,  bu t  
a t t e n t i o n  w i l l  be  given a l s o  t o  p o s s i b l e  i n c l u s i o n  of thermal s i m i l i t u d e .  
I n  o rde r  t o  ga in  advantage from e x i s t i n g  l u b r i c a t i o n  t h e o r i e s  which 
treat almost exc lus ive ly  t h e  case of r o l l i n g  c y l i n d e r s ,  t h e  problem of s i m i l i t u d e  
between ba l l - r ace  and disk-disk l u b r i c a t i o n  w i l l  be  considered a t  f i r s t  i n  terms 
of t h e  theory  f o r  r o l l i n g  c y l i n d e r s ,  and t h e  process  w i l l  be  assumed a l s o  t o  be 
i so thermal .  
w i l l  be  considered later.  These cons ide ra t ions  form t h e  b a s i s  f o r  modeling t h e  
p a r t i c u l a r  ba l l - r ace  conf igu ra t ion  of t h e  p re sen t  s tudy .  
Then noncy l ind r i ca l  r o l l e r s  w i l l  be cons idered ,  and thermal problems 
N o  ta t  ion  
The n o t a t i o n  t o  be used i n  t h e  mathematical  d i scuss ion  inc ludes  t h e  
fol lowing:  
c = s p e c i f i c  hea t  of l u b r i c a n t  
E1,E2 = Young's modulus f o r  material of s u r f a c e  No. 1, 2 
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1-v: 1-v; 
E ' =  1/ [ -+- 1 7~ E l  T E2 
h = d i s t a n c e  between bear ing su r faces  = h(x)  o r  h(x,y)  
h = va lue  of h a t  f i l m  run-off p o s i t i o n  ( o u t l e t )  
H 
Ho = Rh /x 
0 
2 = Rh/\ f o r  c y l i n d r i c a l  c o n t a c t ,  Rh/(%yh) f o r  e l l i p t i c a l  con tac t  
2 
o h  f o r  c y l i n d r i c a l  c o n t a c t ,  R$,/(xuyy) f o r  e l l i p t i c a l  con tac t  
J = f a c t o r  f o r  convert ing thermal energy t o  mechanical energy 
K = thermal conduc t iv i ty  of l u b r i c a n t  
m = xh/(RA) = a t abu lab le  func t ion  of R/R '  
n = yh/(RA) = a t abu lab le  func t ion  of R/R '  
p = pres su re  i n  l u b r i c a n t  = p(x)  o r  p(x,y) 
ph = maximum Hertz p re s su re  
P(S) = p(x)/ph = dimensionless  p re s su re  f o r  c y l i n d r i c a l  con tac t  
P ( 6 , q )  = p(x,y) /ph = dimensionless  p re s su re  f o r  e l l i p t i c a l  contac t  
R1,R2 = r a d i u s  of cu rva tu re  of s u r f a c e  No.  1, 2 i n  r o l l i n g  d i r e c t i o n  
Ri ,R ;  = r a d i u s  of cu rva tu re  of s u r f a c e  N o .  1, 2 i n  axial  d i r e c t i o n  
(crown r a d i u s )  
P0(Ul + u2) s I -- (+)2 = a Sommerfeld number f o r  c y l i n d r i c a l  con tac t  
"hPh h 
i/ 2R2 
P0(Uli + u2i) (XhYh) 
( f o r  i = 0,1,2)  = Sommerfeld numbers - -- 
J-- % 'h f o r  e l l i p t i c a l  contac si 
'h "hYh 
T = T(x,y ,z )  = a b s o l u t e  temperature  i n  l u b r i c a n t  




+ uily+ ui2y f o r  cases  involv ing  v e l o c i t y  v a r i a t i o n  i n  i o  
a x i a l  d i r e c t i o n  ( i  = 1,2) 
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u,v,w = l u b r i c a n t  v e l o c i t y  components i n  x ,  y ,  and z d i r e c t i o n s  
W = load  between bear ing  s u r f a c e s  i n  e l l i p t i c a l  con tac t  
W '  = load  pe r  u n i t  l eng th  between bear ing  s u r f a c e s  i n  c y l i n d r i c a l  
con tac t  
x = d i s t a n c e  i n  r o l l i n g  d i r e c t i o n  (measured from c o a x i a l  p lane)  
xh = ha l f  width of d ry  contacr, i n  r o l l i n g  d i r e c t i o n  
x = va lue  of x a t  runoff p o s i t i o n  of l u b r i c a n t  f i l m  ( o u t l e t )  
0 
y = d i s t a n c e  i n  axial  d i r e c t i o n  (measured from c e n t e r  p lane)  
yh = ha l f  width of d ry  con tac t  i n  a x i a l  d i r e c t i o n  f o r  e l l i p t i c a l  
con tac t  
z = d i s t a n c e  from s u r f a c e  N o .  1 
c1 = pres su re  c o e f f i c i e n t  of d e n s i t y  of l u b r i c a n t  
6 = dimensionless  maximum d e n s i t y  exponent = uph 
B = l u b r i c a n t  c o e f f i c i e n t  of thermal expansion ( temperature  
c o e f f i c i e n t  of d e n s i t y )  
y = pres su re  c o e f f i c i e n t  of v i s c o s i t y  of l u b r i c a n t  
p = dimensionless  maximum v i s c o s i t y  exponent = yph 
0 = y/  JxhYh f o r  e l l i p t i c a l  con tac t  
A = r a t i o  of R i n  experimental  model t o  R i n  pro to type  bear ing  
p = l u b r i c a n t  v i s c o s i t y ,  assumed t o  be  p= 1-1 eyp f o r  i so thermal  
0 cases 
= base  v i s c o s i t y  of l u b r i c a n t  
vl,v2 = Poisson 's  r a t i o  f o r  material of s u r f a c e  N o .  1, 2 
p = l u b r i c a n t  d e n s i t y ,  assumed t o  be p = p eaP f o r  i so thermal  cases 
0 
5 = x/xh f o r  c y l i n d r i c a l  c o n t a c t ,  x/dxhyh f o r  e l l i p t i c a l  con tac t  
A-6 
5, = xo/xh f o r  c y l i n d r i c a l  c o n t a c t ,  o r  
= C O ( r l )  = xo(y)/Jxhyh = dimensionless  run-off p o s i t i o n  f o r  
l u b r i c a n t  i n  e l l i p t i c a l  con tac t .  
I so thermal  Lubr ica t ion  of Cy l ind r i ca l  R o l l e r s  
Loaded r o l l e r  bear ings  deform i n  t h e  r eg ion  of c o n t a c t ,  b u t  t h e  shape 
of t h e  deformed s u r f a c e s  depends somewhat on t h e  hydrodynamic a c t i o n  of t h e  
l u b r i c a n t .  Complete mathematical  d e s c r i p t i o n  of t h e  s u r f a c e  geometr ies  and 
l u b r i c a n t  f low can be had only by so lv ing  t h e  so-cal led elastohydrodynamic 
problem, which, un fo r tuna te ly ,  is  so complex t h a t  on ly  s o l u t i o n s  t h a t  have ever  
been publ ished are numerical s o l u t i o n s  r e f e r r i n g  t o  a few p a r t i c u l a r  cases. 798 9 10 1 
These s o l u t i o n s  do provide some guidance of what l u b r i c a n t  f i l m  shapes and pres-  
s u r e s  may arise, so a genera l ized  ske tch  of them i s  shown i n  F igu re  A-1 which a l s o  
serves  t o  i l l u s t r a t e  some of t h e  n o t a t i o n  t o  be used here .  For p re sen t  purposes ,  
however, p a r t i c u l a r  elastohydrodynamic s o l u t i o n s  are too r e s t r i c t e d .  What is 
needed i s  an  o v e r a l l  look  a t  t h e  s t r u c t u r e  of t h e  problem. Therefore ,  w e  s h a l l  
consider  i n s t ead  t h e  de f in ing  equat ions  of t h e  problem. 
For r o l l i n g  c y l i n d e r s  wi th  a n  i so thermal  l u b r i c a n t ,  t h e  de f in ing  equa- 
t i o n s  of t h e  elastohydrodynamic problem inc lude  f i r s t  t h e  Reynolds equat ion  
r e l a t i n g  l u b r i c a n t  p re s su re  p t o  f i l m  th i ckness  h a t  any p o s i t i o n  x :  
h-h e-ap 
h3 
* = 6 1-1, (ul + u2) e YP 0 dx 
Here, u and u are t h e  v e l o c i t i e s  of t h e  two s u r f a c e s  pass ing  t h e  con tac t  area, 
and i t  is  assumed t h a t  t h e  v i s c o s i t y  of t h e  l u b r i c a n t  is  1-1 = 
i s  p = poeap .  
runoff po in t  (where x = x ) s i n c e  one u s u a l  boundary cond i t ion  is  t h a t  * = 0 a t  
t h e  runoff po in t .  Next, t h e r e  is t h e  equat ion  showing how t h e  f i l m  shape arises 
1 2 
yp and i t s  d e n s i t y  I-loe 
The cons t an t  h can  b e  i n t e r p r e t e d  as t h e  f i l m  th i ckness  a t  t h e  
0 
0 dx 





Typical lubricant pressure 
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\ 
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may be w r i t t e n  i n  t h e  form*: 
X 
0 Ix - x'l 
dx ' 9 1 2 2  1 h(x)  = ho + 2~ ( x  - xo) - E' 1 p(x ' )  I n  
OD 1x0 - X'I 
where 





E' n El n E2 
1-v1 1-v2 
- + -  - -   , 
R1 and R2 being t h e  r a d i i  o f  t h e  two cy l inde r s ,  El and E2 being t h e i r  Young's 
moduli, and v1 and v2 being t h e i r  Poisson r a t i o s .  
and o u t l e t  r e q u i r e  t h a t  
Boundary cond i t ions  a t  i n l e t  
p ( -  a) = p(xo) = 0 * ( 3 )  
(Note t h a t  2 = 0 a t  x = x au tomat i ca l ly  i n  view o f  Equat ions (1) and (2) . )  I n  
add i t ion ,  t he  i n t e g r a l  o f  t h e  p re s su re  over  - OD < x 5 xo must equal  W ' ,  t h e  load 
p e r  u n i t  a x i a l  l ength ,  t h a t  i s  
0 
XO 
p ( x )  dx = W '  (4) 
-W 
Solu t ion  of  t h e  problem, inc luding  imposi t ion o f  t h e  t h r e e  boundary condi t ions  i n  
Equations ( 3 )  and ( 4 ) ,  would determine t h e  func t iona l  forms o f  h(x)  and p(x)  and 
would f i x  t h e  cons t an t s  xo, hot  and t h e  cons t an t  of  i n t e g r a t i o n  implied by t h e  
d i f f e r e n t i a l  Equation ( 1 ) .  
In  o r d e r  t o  make Equat lons ( l ) ,  ( 2 ) ,  ( 3 ) ,  and ( 4 )  r ep resen t  t h e i r  
elastohydrodynamic problem more compactly, dimensionless  v a r i a b l e s  may be used. 
Thus l e t  
* This  equat ion i s  equ iva len t  t o  Equation (1) i n  Reference 2. 
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where x is  t h e  half-width of t h e  dry con tac t  area, and p is  the  maximum dry- 
con tac t  pressure .  Then, r e c a l l i n g  t h a t  
h h 
x = 2 R  @ - and h E ' R  
t h e  problem represented  by Equations (1) through ( 4 )  can be r e w r i t t e n  as: 
where 
These last  t h r e e  parameters are recognizable .  s is a form of Somnerfeld number, 
6, is  t h e  logari thm of t h e  maximum dens i ty -va r i a t ion  f a c t o r ,  and 7 i s  t h e  logari thm 
of t h e  maximum v i s c o s i t y - v a r i a t i o n  f a c t o r .  
* 
These are t h e  t h r e e  independent 
* ( 7 )  For t h e  problem assuming an i so thermal  incompressible  (ol=O) l u b r i c a n t ,  Dowson 
introduced parameters he  denoted as G ,  U ,  and W. T e i r  r e l a t i o n  t o  t h e  present  
is  i n t e r e s t i n g  t o  observe t h a t  Johnson&) , fol lowing Blok, has  a l r eady  observed 
t h a t  Dowson's parameters were not  a l l  needed f o r  de f in ing  s u i t a b l y  dimensional 
p re s su re  s o l u t i o n s  and t h a t  U/W2 and vph are convenient reduced parameters.  
parameters is given by S i= (n2/8)U/W2, -=(l/&)GW1 7 and (~ /2 ) (xh /2R)~=W.  It 
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parameters t h a t  remain i n  t h e  dimensionless  form of t h e  problem. (The va lues  of 
H and 5 are determined through meeting t h e  boundary cond i t ions . )  Therefore ,  t h e  
s o l u t i o n  t o  t h e  dimensionless  problem must have t h e  form 
0 0 
H H(S, 6 ,  7 ;  5) , 
Y H = Ho(S, 6 ,  7 )  0 
Suppose t h a t  equat ions  of t h e  forms (1) through ( 4 )  could be-used t o  
d e s c r i b e  t h e  l u b r i c a t i o n  of both a c y l i n d r i c a l  r o l l e r  bear ing and a disk-disk 
model of i t .  I f  both conf igu ra t ions  were designed t o  have t h e  same va lues  of S ,  
6 ,  and 7 ,  t hen  measuring v a l u e s  of H(6) and/or  P([) i n  t h e  disk-disk model would 
provide,  i n  e f f e c t ,  measurements of t h e  same q u a n t i t i e s  i n  t h e  bear ing;  t h a t  is ,  
a known and usab le  s i m i l a r i t y  would exist between t h e  forms of l u b r i c a t i o n  in 
t h e s e  two bear ing conf igu ra t ions .  This  i s  t h e  kind of r e l a t i o n s h i p  t h a t  should 
e x i s t  i f  experiments w i th  a r o l l i n g - d i s k  machine are t o  be used t o  explore  t h e  
na tu re  of l u b r i c a t i o n  i n  a p a r t i c u l a r  bear ing .  There may remain, however, some 
doubt about whether t h e  parameters S,  6, and 7 are l o g i c a l l y  necessary  (not  a l l  
of Dowson's G ,  U ,  and W were), and whether some of them produce only  n e g l i g i b l e  
e f f e c t s  . 
I n  o rde r  t o  judge t h e  importance of t h e  parameters  S ,  6 ,  and 7 ,  w e  may 
t u r n  t o  t h e  publ ished numerical  s o l u t i o n s  of t h i s  kind of problem. Cor re l a t ing  
t h e  r e s u l t s  of several c a l c u l a t i o n s  which presumed t h e  l u b r i c a n t  t o  be incom- 
p r e s s i b l e  ( 6 4 )  as w e l l  as i so thermal ,  Dowson") found i n  e f f e c t  t h a t  t h e  
minimum va lue  of H ,  which approximates H is 
0' 
0.7 0.6 = 0.94 s y Hmin 
Grubin, us ing  f u r t h e r  a n  assumed entrance-f i lm shape i n  o r d e r  t o  avoid complicated 
8 8  
11 -11 
c a l c u l a t i o n s ,  found i n  e f f e c t  t h a t  - -
= 1.2% s y 
HO 
These formulas  d i f f e r  s l i g h t l y  i n  t h e i r  p r e d i c t i o n s  (Dowson's being gene ra l ly  
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smaller, p a r t  of t he  d i f f e r e n c e  being i n  the  te rmina l  d i p  which Grubin ignored) ,  
bu t  i n  e i t h e r  case H is approximately p ropor t iona l  t o  ( S 3 ° * 7 .  Thus, Sy should 
0 
be a s i g n i f i c a n t  parameter.  Beyond t h i s ,  Johnson has  remarked t h a t  t he  shape 
of Dowson's p re s su re  s o l u t i o n s  , while  depending on both  Dowson's parameter U/W 2 
and the  logari thm of the maximum pres su re -va r i a t ion  f a c t o r  ( t h a t  i s  on both S 
2 and y), depends mainly on Dowson's U/W 
ing  both f i l m  th ickness  and p res su re  e f f e c t s ,  i t  i s  seen  t h a t  bo th  S and 7 are 
independently important parameters .  Furthermore,  i n  cons ider ing  the  e f f e c t  of 
( t h a t  i s ,  mainly on S ) .  Thus, cons ider -  
l u b r i c a n t  compress ib i l i t y  , Dows on (') found t h a t  whi le  inc luding  compress ib i l i t y  
d i d  not  change the  minimum f i l m  th ickness  very  much, i t  d i d  a l te r  the  he igh t  of 
the  pressure  sp ike  d r a s t i c a l l y .  To t h i s  e x t e n t ,  t he  va lue  of a l s o  i s  s i g n i f i -  
c a n t ,  though i t  must be admit ted t h a t  the high pressure  sp ike  may always be f a r  
less important than shown by the  a n a l y s i s  neg lec t ing  compress ib i l i t y .  
It is no t  contemplated t h a t  pure ly  c y l i n d r i c a l  d i s k s  should be used i n  
the  forthcoming experiments f o r  the  p re sen t  r e sea rch ,  b u t  i t  is  be l ieved  t h a t  the  
p r i n c i p l e s  of s imula t ion  t h a t  have been i l l u s t r a t e d  and the  importance r a t i n g s  
found f o r  the  var ious  parameters w i l l  serve w e l l  as gu ide l ines  f o r  more complex 
s imula t ion  processes .  
Isothermal  Lubr i ca t ion  of Ro l l ing  Surfaces  
S l ipp ing  Nonuniformly 
The l u b r i c a t i o n  processes  i n  the  b a l l - r a c e  conf igu ra t ion  d i f f e r  s i g n i -  
f i c a n t l y  from those wi th  r o l l i n g  c y l i n d e r s  i n  t h a t  the  con tac t  area has f i n i t e  
a x i a l  l ength  and t h a t  each s u r f a c e  v e l o c i t y  v a r i e s  q u a d r a t i c a l l y  i n  the  a x i a l  
d i r e c t i o n .  Since these  quadra t i c  v a r i a t i o n s  are unequal,  t h e r e  i s  a l s o  a quad- 
ra t ic  a x i a l  v a r i a t i o n  of s l i p  between the  s u r f a c e s .  These d i f f e r e n c e s  from the  
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c y l i n d r i c a l  case a r e  g r e a t  enough t o  demand a f r e s h  eva lua t ion  of t h e  requirements  
f o r  s i m i l a r i t y  between a bear ing  and a r o l l i n g  d i s k  model of it. 
F u l l  cons ide ra t ion  
r e q u i r e  i n c l u s i o n  o f  thermal 
produce i t s  major e f f e c t s  by 
o f  s i m i l a r i t y  between t h e s e  conf igu ra t ions  would 
e f f e c t s ,  s i n c e  s l i p p i n g  of t h e  bear ing  s u r f a c e s  may 
way o f  t h e  h e a t  it genera tes .  Thermal s imula t ion ,  
however, i nvo lves  so many a d d i t i o n s  t o  t h e  s imula t ion  problem t h a t  it i s  reasona- 
b l e  t o  ignore it temporar i ly  and t o  explore  what can be done wi th  s i m i l a r i t y  when 
t h e  thermal  i n f l u e n c e s  a r e  n e g l i g i b l e ,  so t h i s  w i l l  be done. 
Let it be supposed now t h a t  two s u r f a c e s  r o l l  t o g e t h e r  having a con tac t  
a r ea  which i s  f i n i t e l y  long i n  t h e  a x i a l  d i r e c t i o n  and having v e l o c i t i e s  u1 and 
u2 t h a t  vary q u a d r a t i c a l l y  i n  t h a t  d i r e c t i o n .  
schemat ica l ly  i n  F igure  A-2. The axes  shown t h e r e  pu t  t h e  o r i g i n  where t h e  c e n t e r  
o f  d ry  con tac t  would be on one su r face ,  and t h e  x and y axes l i e  i n  t h a t  surface.  
(While viewing Figure  A-2, it should be observed t h a t  t h e  v a r i a t i o n  o f  su r face  
v e l o c i t y  according t o  a x i a l  p o s i t i o n  i s  not  a s s o c i a t e d  with shear ing  of  t h e  
sur faces ;  i t  a r i s e s  i n s t e a d  from t i l t i n g  o f  t h e  y-ax is  with r e s p e c t  t o  t h e  axes  
Such a contac t  reg ion  i s  shown 
of r evo lu t ion ,  inc luding  
bear ing surface.)  Thus, 
= u lo  + ull 
u2 = u20 + u21 
bending o f  t h e  y-axis  a s  it conforms t o  an  a c t u a l  
it i s  assumed t h a t  
2 
Y + u12 Y 9 
( 9 )  
2 
Y + u22 Y . 
Despi te  t h i s  v a r i a t i o n  of  u1 and u2, a r e d e r i v a t i o n  of t h e  Reynolds equat ion  f o r  
two-dimensional l u b r i c a n t  flow shows t h a t  t h e  equat ion  s t i l l  has  t h e  accustomed 
two -d imen s i o  na 1 form (12) which may be w r i t t e n  a s  
where aga in  p i s  p res su re ,  l u b r i c a n t  v i s c o s i t y  i s  1-1 = poeyp, and l u b r i c a n t  d e n s i t y  
A - 1 3  
Vectors show u ( y ) 
/ 
FIGURE A 2. CONTACT GEOMETRY OF LUBRICATED 
CROWNED, ROLLING SURFACES WITH 
TILTED AXES OF ROTATION 
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i s  p = poeQP. 
R1 and R2 i n  t h e  x -d i r ec t ion ,  and Ri and R; i n  t h e  y-d i rec t ion ,  t hen  a p a r t  from 
su r face  deformation t h e  sepa ra t ion  of d ry ,  con tac t ing  s u r f a c e s  would be 
I f  t h e  p r i n c i p a l  cu rva tu res  o f  t h e  su r faces  a t  t h e  o r i g i n  a r e  
2 
- +  X L  2R 2R' 9 
where 
Accounting f o r  su r face  deformation(13) and t h e  s u r f a c e  sepa ra t ion  a t  t h e  o r i g i n ,  
t h e  su r face  sepa ra t ion  a t  an a r b i t r a r y  po in t  can be w r i t t e n  
p( x' ,y '  )dx'dy'  2 2 h(x ,y)  = h(O,O) + + & + $ JJ 
A/(x-x')2 + (y-y ' )2  
1 
9 
where t h e  i n t e g r a l s  a r e  taken over  t h e  e n t i r e  p re s su re  reg ion ,  and aga in  
l - V I  2 1-v2  
- + -  1 - -  
E'  - rrEl nE2 
Equations (10) and (11) provide determining equa t ions  f o r  t h e  func t ions  h(x,y) 
and p(x,y)  sub jec t  t o  t h e  boundary cond i t ions  
= Poco9Y) = (%Ix= xo = o  , P i n l e t  
JJP(X9Y) dx dY = w 9 ( 13) 
where xo(y)  denotes  t h e  runoff  p o s i t i o n ,  W denotes  t h e  t o t a l  load on t h e  bear ing 
su r faces ,  and t h e  i n t e g r a l  is taken over  t h e  e n t i r e  p re s su re  area.  Solving t h e  
system o f  Equat ions ( l o ) ,  ( l l ) ,  (12), and (13) would produce not  o n l y  t h e  func- 
t i o n s  h(x,y) and p(x,y)  bu t  a l s o  a runoff  p o s i t i o n  func t ion  xo(y) and a cen te r  
f i l m  t h i c k n e s s  h(0,O). 
A-15 
I n  o rde r  t o  reduce t h i s  system of equat ions  t o  dimensionless  form, 
choice  must be made of r e fe rence  l e n g t h s  and pressure .  
choices  can be had from t h e  Hertz theory f o r  d ry  con tac t ,  which shows t h a t  xh 
and y ( t h e  semiaxes of t h e  con tac t  e l l i p s e )  and p ( t h e  maximum pres su re )  are 
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and m and n are func t ions  of R / R ' .  (13) (The va lues  of m and n a l s o  change i f  
t h e  p r i n c i p a l  d i r e c t i o n s  of cu rva tu re  d i f f e r  between t h e  two su r faces ,  but  no 
d i f f e r e n c e  i n  t h e s e  d i r e c t i o n s  needs t o  be considered he re . )  It i s  d e s i r a b l e  
f o r  present  purposes t h a t  t h e  same re fe rence  l e n g t h  should be chosen i n  both t h e  
x- and y-d i rec t ions .  
be dx y 
A convenient choice  f o r  t h a t  r e fe rence  l e n g t h  t u r n s  out  t o  
- 
Thus, we  in t roduce  t h e  dimensionless  v a r i a b l e s  
h h '  
and t h e  dimensionless  parameters  
& = u p h ,  7 = 7 ph , and 
Then, Equations ( l o ) ,  ( l l ) ,  (12) ,  and (13) t ake  t h e  forms 
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N N  - a r -- 
H3 2]+ a [e(w-y)p H3 % a = 6(S0+ S1q + S2T2) $ (ewpH), (10') Le a5 ar, 
This  sys t em of equat ions determining H(5,T) and P(S,T) involves  the  - -  R 
parameters a ,  y, 2, So, S l y  and S2. 
should expect (according t o  t h i s  formulat ion of the  problem) t h a t  H ( 5 , T )  and 
I f  those parameters a r e  ass igned,  then we 
P(5,T) a r e  thereby uniquely determined, and t h a t  %,(I) and H(0,O) a r e  determined 
a l s o ,  s i n c e  t h i s  i s  analogous t o  what i s  known about t he  case  with c y l i n d r i c a l  
r o l l e r s .  Thus, i f  a d i sk-d isk  conf igura t ion  can be constructed and operated 
keeping t h e s e  s i x  parameters t he  same a s  fo r  a c e r t a i n  b a l l - r a c e  conf igu ra t ion ,  
then H(S,r\)  and P ( 5 , I )  should be the  same for  both conf igu ra t ions ,  and measure- 
ments of h or p i n  t h e  d i sk -d i sk  conf igu ra t ion  should provide i n  e f f e c t  meas- 
urements of h and p fo r  t he  b a l l - r a c e  conf igu ra t ion ,  An except ion t o  t h i s  
s i m i l i t u d e  can a r i s e ,  of course,  i f  thermal d is turbances  i n  the  contac t  a r ea  
a f f e c t  h or p s i g n i f i c a n t l y .  
There may be doubt about whether a l l  s i x  of t hese  parameters 
- -  R (a ,  y, cy So, S1, S ) must be kept  cons tan t  i n  passing from a b a l l - r a c e  pro to-  
type bear ing  t o  a d i sk -d i sk  model of i t ,  s i n c e  the  e f f e c t  of some of them might 
2 
be i n s i g n i f i c a n t .  This  i s s u e  can be judged p a r t l y  by r e f e r r i n g  back t o  the  
c y l i n d r i c a l - r o l l e r  theory ,  which i s  a s o r t  of l i m i t i n g  case of t he  b a l l - r a c e  
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theory f o r  R / R '  3 0 .  
f i c a n t  t he re ,  are c l o s e l y  r e l a t e d  t o  t h e  present  a, y, and So, so these  th ree  
should a f f e c t  H ( 5 , q )  and/or  P(5,T) s i g n i f i c a n t l y .  
dimensional a s p e c t s  of t he  b a l l - r a c e  conf igu ra t ion  are def ined  by the  parameters 
R / R ' ,  S1, and S s o  i n s o f a r  as a d i sk -d i sk  experiment i s  intended t o  r ep resen t  a 
b a l l  bear ing  those parameters are s i g n i f i c a n t  too .  
regarded as r e l a t i n g  t o  cond i t ions  near  t he  ends of con tac t  i n  the  a x i a l  d i r e c -  
The parameters a, y, and S ,  which occurred and were s i g n i -  
N N  
The c h a r a c t e r i s t i c  t h ree -  
2 
The parameter R/R' may be 
t i o n ,  S 
pa rabo l i c  v e l o c i t y  v a r i a t i o n s  l i k e  those of Heathcote s l i p .  
relates p r imar i ly  t o  the  e f f e c t s  of b a l l  s p i n ,  and S2 relates t o  1 
It should be observed t h a t  i f  the  same bear ing  metals and l u b r i c a n t  
are used i n  the  d i sk -d i sk  experiment as i n  the  prototype b a l l  bear ing ,  and i f  
R '  
should be,  then A a l s o  must be preserved .  The geometr ical  scales i n  the  x and y 
d i r e c t i o n s  i n  t h e  con tac t  area, however, w i l l  change by the  same f a c t o r  as is 
app l i ed  t o  R ,  t he  r e l a t i v e  r ad ius  of r o l l i n g  cu rva tu re ,  s i n c e  x = E$AYfnnand 
- and y a r e  preserved i n  pass ing  from the  prototype t o  the  experiment as they 
y = nRA&. The same geometr ical  f a c t o r  a l s o  w i l l  be app l i ed  au tomat ica l ly  t o  
the  f i l m  th i ckness ,  h ,  s i n c e  h = HmnRA . The p res su re ,  p ,  w i l l  no t  be a l t e r e d ,  
though i n  accomplishing t h i s  t he  load ,  W ,  and v e l o c i t y  components must b e ' s c a l e d  
2 
prope r ly  t o  keep.A, So, Slj and S 
the  same bear ing  materials and l u b r i c a n t ,  the doubl ing of R i n  the  experiment as 
f ixed.  Fort example,in proper  modeling us ing  2 
compared t o  the model would r e q u i r e  a l s o  the  doubling of ul0 + 
of u + u ha lv ing  of u 
s u l t  i n  t he  doubl ing of %, yh, and h (x ,y ) ,  though p(x,y)  would not  be a l t e r e d .  
dup l i ca t ion  
and quadrupl ing of W .  This  change would re- 1 2  + u22' 11 21' 
E f f e c t s  of Local Thermal Disturbances 
The su r face  v e l o c i t i e s  u1 and u2 e n t e r  the  mathematical  problem f o r  
isothermal  l u b r i c a t i o n  of a b a l l - r a c e  conf igu ra t ion  only by way of the  Reynolds 
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equat ion  (10)  Thus, s l i p p i n g  between 
t h e  s u r f a c e s  ( t h a t  i s  u1 - u2) i s  o f  no consequence i f  t h e  l u b r i c a t i o n  i s  i s o -  
thermal i n  t h e  manner t h a t  was presumed. 
v i s c o s i t y  i s  s e n s i t i v e  t o  temperature  changes, and su r face  s l i p p i n g  appears  
q u i t e  a p t  t o  induce temperature changes. Therefore ,  it i s  d e s i r a b l e  t o  pursue 
t h e  e f f e c t  o f  temperature  changes t h a t  may r e s u l t  from rep resen t ing  a b a l l - r a c e  
conf igura t ion  by a p a i r  o f  r o l l i n g  d isks .  
and t h e r e  on ly  t h e  sum u1 + u2 appears.  
I t  i s  known, of course,  t h a t  l u b r i c a n t  
A s tudy  o f  modeling inc luding  thermal e f f e c t s  i n  t h e i r  e n t i r e t y  would 
r e q u i r e  a complete r e d e r i v a t i o n  o f  t h e  Reynolds equat ion ,  and would show t h a t  
equat ion t o  be cons iderably  a l t e r e d .  The r ev i sed  equat ion would involve  a l s o  
t h e  temperature  d i s t r i b u t i o n  T(x,y,z)  and i t s  a p p l i c a t i o n  would show T( x ,y ,z )  
should be a l i k e  i n  t h e  bear ing and t h e  experiment. 
here  taken  t o  be abso lu te  temperature ,  it would be necessary t o  add t o  t h e  mathe- 
ma t i ca l  problem t h e  thermal energy equat ion p l u s  seve ra l  new boundary condi t ions .  
The thermal energy equat ion  can be shown t o  have t h e  form* 
I n  o r d e r  t o  determine T(x ,y , z ) ,  
0 
am,.&) . (17) aT a x  a y  a~ a T + w  ar) - J K  - -p  a [(z) a U  2 +(z) a v  2 ]+BT (u ax a Y  2- Jpc (u  - + v  
a Z  
The added n o t a t i o n  he re  inc ludes  u,  v, and w which a r e  t h e  t h r e e  components o f  
l u b r i c a n t  v e l o c i t y  i n  t h e  x-, y-, and z - d i r e c t i o n s  a t  any p o i n t ,  t h e  thermal 
conduc t iv i ty  K and s p e c i f i c  h e a t ,  c ,  of  t h e  l u b r i c a n t ,  i t s  d e n s i t y ,  p ,  and i t s  
c o e f f i c i e n t  of  thermal expansion, 8 ,  and t h e  f a c t o r  J f o r  convert ing thermal 
energy t o  mechanical energy. S u i t a b l e  boundary cond i t ions  can be added a l s o ,  
b u t  t h e  energy equat ion  i t s e l f  p rovides  s u f f i c i e n t  cha l lenge  f o r  t h e  present .  
I f  t h e  r e l a t i v e  r a d i u s  o f  r o l l i n g  curva ture  i s  m u l t i p l i e d  by some 
f.actor A i n  pass ing  from t h e  b a l l - r a c e  t o  d i sk -d i sk  conf igu ra t ion  and una l te red  
~~ ~~~ 
* This  i s  a s p e c i a l  form of t h e  l a s t  equat ion on p 187 of  Reference 14. 
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bearing m a t e r i a l s  and l u b r i c a n t s  a r e  used, then cons is tency  wi th  t h e  demands o f  
i so thermal  modeling (which i s  a s p e c i a l  case o f  thermal modeling) imp l i e s  t h a t  
x ,  y,  and z a s  a c t u a l  d i s t a n c e s  w i l l  change by t h e  same f a c t o r  A, and t h a t  u w i l l  
a l s o  change by t h i s  f ac to r .  
a l s o  can be expected t o  change by t h i s  f a c t o r  A, though p(x ,y)  and T(x ,y ,z )  
A ready ex tens ion  o f  t h e s e  r e s u l t s  i s  t h a t  v and w 
should not  change. Using una l t e red  m a t e r i a l s  impl ies ,  o f  course,  t h a t  K,  p ,  c,  
,El9 and p should not  change. 
s eve ra l  terms of  Equation (17), one can see  t h a t  a l l  t h e  i n t r o d u c t i o n s  o f  t h e  
Accounting f o r  how t h e  f a c t o r  h would a l t e r  t h e  
2 2 f a c t o r  ), cancel  each o t h e r  except  i n  t h e  term J K  e where a f a c t o r  h remains 
uncancelled.  
terms o f  t h e  equa t ion ) ,  one would l i k e  t o  mul t ip ly  t h e  thermal  conduc t iv i ty  K by 
h i n  passing from t h e  prototype bear ing t o  t h e  experimental  model o f  i t ,  but  
t h i s  i s  not  f e a s i b l e  i f  A. # 1. 
To keep t h i s  term unchanged ( t h a t  i s  i n  proper  r e l a t i o n  t o  t h e  o t h e r  
2 
Thus, i n  o r d e r  t o  achieve proper  thermal modeling 
we a r e  forced t o  t ake  h = 1, t h a t  i s  t o  make no change i n  R ,  t he  r e l a t i v e  r a d i u s  
o f  r o l l i n g  curvature .  We can see  t h a t  i f  we do change R ,  t hen  t h e  conf igu ra t ion  
wi th  t h e  l a r g e r  R w i l l  a l s o  have t h e  l a r g e r  thermal d i s tu rbances ,  s ince  i t s  lack  
o f  an enlarged K w i l l  cause slower hea t  d i s s i p a t i o n .  I f  we were t o  cons ider  a l s o  
t h e  new boundary condi t ions ,  we would f i n d  t h e r e  a l s o  a n e c e s s i t y  f o r  i nc reas ing  
t h e  thermal c o n d u c t i v i t i e s  of  t h e  bear ing m a t e r i a l s  i f  we were t o  t ake  h > 1. 
The essence of  t h e s e  remarks i s  t h a t  i f  l o c a l  temperature  changes have 
any s i g n i f i c a n t  e f f e c t  on q u a n t i t i e s  such a s  h(x,y)  or p(x,y)  which might be 
measured i n  t h e  experimental  model, then  those  measurements w i l l  be d i s t o r t e d  i f  
any change i s  made i n  t h e  r e l a t i v e  r a d i u s  of  r o l l i n g  curva ture  a s  we pass  from 
t h e  prototype bear ing  t o  t h e  experimental  model. I f  l o c a l  temperature  changes 
a r e  i n s i g n i f i c a n t  i n  both t h e  pro to type  and t h e  model o f  i t ,  then  it i s  
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acceptab le  t o  change t h i s  r a d i u s  provided t h e  proper  corresponding changes a r e  
made i n  t h e  t o t a l  r o l l i n g  v e l o c i t y  and t h e  load a s  was descr ibed  under i so thermal  
mode 1 i ng . 
Systematic  s tudy  of  thermal  s i m i l i t u d e  shows f u r t h e r  (even before  one 
= 1) t h a t  i n  modeling without  change o f  bear ing  m a t e r i a l  o r  l u b r i c a n t  one p u t s  
should preserve  [u,(y) - ul(y)]/R a s  wel l  as [u,(y) + u2(y)]/R. A d i r e c t  conse- 
quence then  i s  t h a t  both ul(y)/R and u2(y)/R should be preserved. 
Modeling which in t roduces  changes o f  bear ing  m a t e r i a l s  o r  l u b r i c a n t s  
obviously in t roduces  f u r t h e r  p o s s i b i l i t i e s ,  but  t h e s e  seem to  have mainly aca- 
demic i n t e r e s t  f o r  t h e  p re sen t  r e sea rch  s i n c e  it is expected t o  be t i e d  c l o s e l y  
t o  predetermined choices  o f  m a t e r i a l s  which can not  well be a l t e r e d .  
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